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Universal extra dimensions, presumably observable at some high-energy scale, would modify low-
energy observables, being particularly relevant for physical processes forbidden at tree level by
the Standard Model. We address the Kaluza-Klein contributions from the 5-dimensional Standard
Model to the anomalous magnetic moment and to branching ratios of electromagnetic decays of the
top quark. In accordance with present bounds on the compactification scale, contributions to both
quantities are found to be at least 3 orders of magnitude below Standard-Model predictions.
PACS numbers: 11.10.Kk, 13.40.Em, 13.40.Hq, 14.65.Ha
I. INTRODUCTION
The use of extra dimensions in model building started
with the works by G. Nordstro¨m and T. Kaluza, who
attempted to unify electromagnetism and gravity by
assuming the existence of a spatial extra dimension [1, 2].
Nevertheless, it was O. Klein who realized, for the first
time, that compactification could be used to explain
the lack of observations of extra dimensions [3]. The
ulterior birth of string theory, as a theory of strong
interactions [4–10], would eventually endow great
relevance to formulations of extra dimensions. The
original string-theory formulation already had this
ingredient, as 26 spacetime dimensions were required
to ensure unitarity [11]. The introduction of fermions
in string theory [12], which came along with the dis-
covery of supersymmetry [12, 13], and the presence of
a massless particle of spin 2 [14], to be identified as
the graviton, were two main elements of superstring
theory that motivated its use to achieve a quantum
theory of gravity, always with the complicity of extra
dimensions. Remarkably, the critical dimension of
superstring theory turned out to be just 10, as it was
shown by J. H. Schwarz [15]. The introduction of the
Green-Schwarz mechanism [16], to eliminate quantum
anomalies arising in string theory, then triggered the
first superstring revolution, during which five consistent
superstring formulations were given [17–20]. Further-
more, a connection, through compactification, between
superstring theory, featuring a 6-dimensional Calabi-Yau
extra-dimensional manifold [21], and 4-dimensional su-
persymmetry was established [22]. A second superstring
revolution started with the emergence of the M-theory,
by E. Witten [23], who showed that the five superstring
formulations known at the time are limits of this single
theory, which is a unifying fundamental theory set in
11 spacetime dimensions. The existence of D-branes,
proposed by J. Polchinski [24] for the sake of string
duality, was a major event. It was also shown that
supergravity in 11 dimensions is a low-energy limit of
the M -theory [25, 26]. The ADS/CFT correspondence,
which establishes a duality of 5-dimensional theories of
gravity with gauge field theories set in 4 dimensions [27],
is a quite important result with remarkable practical
advantages regarding nonperturbative physics. Among
the events and advances experienced by string theory
throughout the years, and a plethora of papers on the
matter, we wish to emphasize that its development is the
one that got modern physics used to extra dimensions.
Considerable interest in the phenomenology of extra
dimensions arose because of the works by Antoniadis,
Arkani-Hamed, Dimopoulos and Dvali [28–30], who,
motivated by the hierarchy problem, proposed the
existence of large extra dimensions, responsible for the
observed weakness of the gravitational interaction, at
the stunning scale of a millimeter. Shortly after, L.
Randall and R. Sundrum initiated an important branch
of extra-dimensional models, the so-called models of
warped extra dimensions, in which the hierarchy problem
was tackled by introducing a spatial extra dimension and
assuming that the associated 5-dimensional spacetime
is characterized by an Anti-de-Sitter structure [31, 32].
The present paper is developed within another well-
known extra-dimensional framework, dubbed universal
extra dimensions [33], proposed by Appelquist, Cheng
and Dobrescu. A field theory with the structure of
the 4-dimensional Standard Model (4DSM) is defined,
rather, on a spacetime with compact spatial extra
dimensions, where all the dynamic variables are assumed
to propagate, thus leading to an infinite set of Kaluza-
Klein (KK) modes per each extra-dimensional field1. In
models of universal extra dimensions, conservation of
extra-dimensional momentum yields, after integrating
out the extra dimensions, 4-dimensional KK effective
field theories in which KK parity is preserved, with
the consequence that, from the perspective of the
1 Models of universal extra dimensions have been reviewed in
Refs. [34, 35].
2Feynman-diagrams approach, the very first effects from
the KK modes on 4DSM Green’s functions (and thus
on 4DSM observables) occur at one loop [33]. Such a
feature is particularly relevant in the case of physical
observables and processes that, within the context of
the 4DSM, can take place exclusively at loop orders.
An appealing characteristic of these models is the small
number of added parameters, which are a high-energy
compactification scale, R−1, and the number of extra
dimensions, n. Moreover, universal-extra-dimensions
models include dark-matter candidates [36–39], which
would be either the first KK excited mode of the photon
or that corresponding to the neutrino.
Within the framework set by the Standard Model
in 5 spacetime universal dimensions [40], we calculate
new-physics effects, induced at one loop by the KK
modes, on the anomalous magnetic moment (AMM)
of a u-type quark. Of particular interest is the AMM
of the top quark, whose 4DSM prediction is known to
have a large value [41]. The paper also includes the
calculation of KK contributions to the flavor-changing
electromagnetic decay u
(0)
α → A(0)µ u(0)β , with the greek
indices α and β labeling quark flavors and where all the
initial- and final-state fields are assumed to be KK zero
modes, that is, dynamic variables of the 4DSM. In the
4DSM, all these quantities receive contributions from
loop Feynman diagrams, exclusively. Both calculations
performed in the present paper comprehend the contri-
butions from the whole set of KK excited modes of the
KK effective Lagrangian emerged from the 5-dimensional
Standard Model. Thus contributing one-loop diagrams
with vector, pseudo-Goldstone and scalar KK excited
modes circulating in loops are taken into account. Our
analytic results are free of ultraviolet divergences and
they decouple as R−1 → ∞. Moreover, by assuming
that R−1 is large, we find that dominant effects are
small, being suppressed by a squared factor of the
compactification scale. The analysis and estimation of
the KK contributions to the top-quark AMM shows that
the new-physics effects are smaller than those from the
4DSM by 3 to 4 orders of magnitude, as long as a com-
pactification scale in the range 1.4TeV < R−1 < 5TeV is
considered. The impact of the extra-dimensional physics
on the branching ratios Br(u
(0)
α → A(0)µ u(0)β ) is also
estimated. Contributions to such flavor-changing decays
are further suppressed by the Glashow-Iliopoulos-Maiani
(GIM) mechanism [42]. In particular, the new-physics
contribution to Br(t(0) → A(0)µ c(0)) turns out to be
smaller than that from the 4DSM [43] by 3 to 4 orders
of magnitude if 1.4TeV < R−1 < 5TeV. We compare
our estimations for this decay with previous reports [44].
Throughout Section II, the KK effective theory that
arises from the extra-dimensional Standard Model
is discussed. The Yang-Mills and Higgs sectors are
addressed in the general context of n extra dimensions,
as their particularization to n = 1 is straightforward.
The structure of the extra-dimensional fermion sector,
dictated by Dirac spinors, depends on the number of
extra dimensions, so the corresponding lagrangian terms
are discussed for the specific case of 1 extra dimension.
Analytical calculations of the u-type-quark electromag-
netic vertex and the flavor-changing decay process we
are interested in are presented in Section III, where
consistency of the results is emphasized and discussed.
Furthermore, a large-compactification-scale scenario
is considered, from which leading KK contributions
are derived. The implementation of the expressions
previously obtained is carried out in Section IV, where
numerical analyses and discussions on the contribu-
tions from the whole KK theory are presented. We
end the paper by presenting our conclusions in Section V.
II. EXTRA-DIMENSIONAL STANDARD
MODEL AND ITS KALUZA-KLEIN THEORY
The definition of field theories, including those aimed
at extending the Standard Model, rely on the choice of
symmetries and dynamic variables [45]. While a variety
of symmetries relevant to this purpose is available,
spacetime and gauge symmetries, in particular, turn out
to be essential elements for the definition of field-theory
descriptions. For instance, even though most models
are set under the assumption that Lorentz symmetry
holds, effective field theories with the ingredient of
Lorentz-invariance nonconservation, inspired by the
spontaneous breaking of Lorentz symmetry in string-
theory formulations [46, 47] and by the occurrence of
Lorentz violation in noncommutative field theory [48],
have been propounded [49–51]. On the other hand, the
choice of the gauge-symmetry group has more often
become the defining trademark of new-physics models.
This is, for instance, the case of models that involve
left-right symmety [52–57], which are based on the gauge
group SU(2)L×SU(2)R×U(1)B−L. Moreover, the main
feature of the so-called 331 models [58, 59] is a particular
gauge group, in this case SU(3)C×SU(3)L×U(1)X .
Also, theories of grand unification, based on the sym-
metry group SU(5), were explored and thoroughly
discussed [60, 61]. The possibility of defining field
theories on spacetime manifolds with extra dimensions
has opened alternative paths to go beyond the 4DSM2.
The framework for the present investigation is the
Standard Model in 5 dimensions, by which we mean
some sort of replica of the 4DSM, but with all its field
content and symmetries defined on the spacetime with
the extra dimension. We assume the extra dimension
to be spatial-like and universal. In this section, we
2 Field-theory models of extra dimensions extend the 4DSM in the
direction of spacetime symmetry groups.
3briefly discuss this extra-dimensional Standard Model,
with focus on those aspects that are relevant for the
phenomenological calculation that we are about to
tackle. Let us emphasize that the structure of tensors,
in contrast with that of spinors, does not depend on the
dimension on which they are defined [62, 63]. We take
advantage of this by developing our discussion on the
gauge and scalar sectors in the general context of n extra
dimensions, which, of course, can be straightforwardly
particularized to the case n = 1. Fermion sectors, on the
other hand, are developed for the case of only 1 extra
dimension. We spare the reader from the whole bunch
of specific details characterizing this formulation, and
suggest Refs. [40, 64–66] for more detailed discussions
on the matter.
A. Gauge and scalar sectors
In this subsection, we discuss the gauge and scalar
sectors of the (4+n)-dimensional Standard Model. First
consider, in general, a spacetime comprising 1 time-like
dimension and 3 + n spatial-like dimensions. Assume
that, at some high-energy scale (short distances), this
spacetime can be characterized by a (4 + n)-dimensional
manifold M4+n with metric gMN = diag(1,−1, . . . ,−1).
Here and in what follows, capital spacetime indices,
like M,N , take the values3 0, 1, 2, 3, 5, . . . , 4 + n. Think
of a field-theory formulation defined on this manifold
and governed by the extra-dimensional Poincare´ group
ISO(1, 3 + n). Imagine a process in which we study
nature at increasing distances, starting from the afore-
mentioned high-energy scale. While at certain range of
high-energy scales the proper field-theory description is
invariant with respect to ISO(1, 3 + n), we assume that
the afore-described process leads us to a lower-energy
scale at which n out of the 3 + n spatial-like dimensions
display a compact nature. It is said that these n
dimensions are compactified. At this energy scale, also
called compactification scale, an appropriate field-theory
formulation is not governed by the (4 + n)-dimensional
Poincare´ group anymore. Besides being a theoretical
possibility, the ingredient of compactification has the
practical use of explaining the absence of measurements
of extra dimensions [67–75]. A variety of geometries,
suitable for compactified extra dimensions, are avail-
able [76–80]. In general, all the symmetries and dynamic
variables constituting a sensible physical description at
the lower-energy scale are different.
From here on, x and x¯ denote, respectively, coor-
dinates for the 4 standard spacetime dimensions and
3 Note that a convention in which the first extra dimension is la-
beled by M,N = 5 has been used.
the n extra dimensions. In this context, consider any
dynamic variable, generically denoted by χ(x, x¯), which
we assume to be a tensor field with respect to the (4+n)-
dimensional Lorentz group. Now we break ISO(1, 3 + n)
invariance by implementing compactification, for which
we assume that each extra dimension is compactified
on an orbifold S1/Z2 characterized by a radius Rj ,
with j = 1, 2, . . . , n. This compactification scheme
induces periodicity properties on χ, with respect to the
extra-dimensional coordinates x¯. Moreover, it allows
for the assignment to χ of definite-parity properties,
with respect to reflections x¯ → −x¯. The field χ is
then expanded in terms of a complete set of orthogonal
functions {f (k)E (x¯), f (k)O (x¯)}, which exclusively depend
on extra-dimensional coordinates x¯. Such an expansion
runs over the multi-index (k) = (k1, k2, . . . , kn), where
any kj is an integer number. Furthermore, the labels “E”
and “O” mean that the corresponding function is even
or odd under x¯ → −x¯. Once this expansion has been
implemented on every field χ, the extra-dimensional
coordinates x¯ no longer label degrees of freedom, which
are now characterized by the KK index (k). Each
function f
(k)
E or f
(k)
O , in the χ expansion, lies multiplied
by a coefficient χ
(k)
E (x) or χ
(k)
O (x), respectively. These
fields, which depend only on the 4-dimensional coor-
dinates x of the non-compact spacetime dimensions,
are the new 4-dimensional dynamic variables, the
KK modes, suitable for the physical description after
compactification. Assume that a constant function, f (0),
belongs to {f (k)E , f (k)O }. This function, trivially even
under x¯→ −x¯, comes with a 4-dimensional field χ(0)(x).
Fields χ(0), known as KK zero modes, are identified as
the dynamic variables that constitute the low-energy
description. The fields χ(k), with (k) 6= (0), are known
as KK excited modes, and are interpreted as degrees of
freedom that reflect the presence of extra dimensions
from a 4-dimensional effective-theory viewpoint. Thus,
only x¯-even extra-dimensional fields χ yield low-energy
dynamic variables.
The specific set {f (k)E , f (k)O } is determined, in part,
by the geometry of the extra dimensions, but an extra-
dimensional observable is also required to this end. This
is the case of the Casimir invariants of ISO(n), among
which we choose P¯ 2, with P¯ the momentum operator
along the extra dimensions. Being a hermitian operator,
P¯ 2 has an associated set of eigenkets {|p¯(k)〉}, with
eigenvalues (p¯(k))2 = p¯(k) · p¯(k). The P¯ 2 eigenkets then
define {f (k)E , f ((k)O } from the wave-function relations
f
(k)
E,O = 〈x¯|p¯(k)〉. Using such relations, together with
appropriate boundary conditions, f
(k)
E and f
(k)
O are
determined to be normalized trigonometric functions, so
that the field χ is Fourier expanded, with the following
two disjoint cases:
4Even parity:
χ(x, x¯) =
1√
(2π)nR χ
(0)(x)
+
∑
(k)
√
2
(2π)nR χ
(k)
E (x) cos{p¯(k) · x¯}, (1)
Odd parity:
χ(x, x¯) =
∑
(k)
√
2
(2π)nR χ
(k)
O (x) sin{p¯(k) · x¯}. (2)
In these equations, we denoted R = R1R2 · · ·Rn.
We have defined discrete extra-dimensional momenta
p¯(k) = (k1/R1, k2/R2, . . . , kn/Rn) as well. The symbol∑
(k) =
∑
k1
∑
k2
· · ·∑kn represents a multiple sum
that runs over every discrete vector (k) labeling an
independent field χ(k), with the additional restriction
that (k) 6= (0) = (0, 0, . . . , 0). Note that such an
effective theory, often referred to as KK theory, is
defined only in 4 dimensions of spacetime: once the
extra dimensions have been compactified and the
dynamic variables Fourier expanded, the whole depen-
dence on extra dimensional coordinates in the action
SSM4+n =
∫
d4+nxLSM4+n(x, x¯) lies within trigonometric
functions, which can be straightforwardly integrated
out, leading to a Lagrangian LSMKK(x) =
∫
dnx¯LSM4+n(x, x¯)
defined in 4 spacetime dimensions.
We start by considering a theory set on a (4 + n)-
dimensional spacetime with those features previously de-
scribed. We also assume that such a formulation is invari-
ant with respect to the extra-dimensional gauge group
SU(3,M4+n)C × SU(2,M4+n)L × U(1,M4+n)Y . The
present discussion develops around gauge symmetry with
respect to the subgroup SU(2,M4+n)L × U(1,M4+n)Y ,
which introduces 4 gauge fields, denoted as WjM (x, x¯)
and BM (x, x¯), where j = 1, 2, 3 is a gauge index. Besides
the usual Yang-Mills sector, LYM4+n, given exclusively in
terms of these gauge fields, we assume the presence in
the theory of a scalar sector, LS4+n, defined in terms of
an SU(2,M4+n)L doublet Φ(x, x¯), with hypercharge YΦ.
We also assume that this scalar sector includes a scalar
potential, referred to as V (Φ,Φ†). Our theory contains
the set of lagrangian terms
LYM4+n + LS4+n = −
1
4
WjMNWjMN −
1
4
BMNBMN
+(DMΦ)
†(DMΦ)− V (Φ,Φ†). (3)
This expression involves the SU(2,M4+n) Yang-Mills
curvature components WjMN and the U(1,M4+n)Y
tensor BMN , both defined as usual [81], and the
SU(2,M4+n)L ×U(1,M4+n)Y covariant derivative DM ,
given in the representation of doublets. Coupling con-
stants corresponding to the groups SU(2,M4+n)L and
U(1,M4+n)Y , which we respectively denote by g4+n and
g′4+n, are dimensionful, with units (mass)
−n/2. The
scalar potential is defined as
V (Φ,Φ†) = −µ2Φ†Φ+ λ4+n(Φ†Φ)2, (4)
where µ2 is a positive quantity, with units (mass)2
whereas the units of the coupling constant λ4+n are
(mass)−n.
Once defined the lagrangian terms LYM4+n + LS4+n, we
implement compactification through a couple of canon-
ical transformations to go from the (4 + n)-dimensional
perspective to the KK effective theory, set in 4 space-
time dimensions. Due to compactification,WjM and BM ,
which at first were (4 + n)-vectors of SO(1, 3 + n), are
split into the SO(1, 3) 4-vectorsWjµ and Bµ, and the two
sets of SO(1, 3) scalar fields {Wj5 ,Wj6 , . . . ,Wj4+n} and
{B5,B6, . . . ,B4+n}. From now on, we utilize greek in-
dices like µ, ν = 0, 1, 2, 3 to denote 4-dimensional Lorentz
indices and use indices µ¯, ν¯ = 5, 6, . . . , 4 + n to label
extra-dimensions coordinates. The implementation of
the afore-alluded splitting is a canonical transformation
that maps covariant objects of SO(1, 3 + n) into covari-
ant objects of SO(1, 3) [65, 66]. In order to land on a
KK effective Lagrangian consistently comprising the low-
energy theory, namely the 4DSM, we assume that Wjµ
and Bµ are both even with respect to x¯ → −x¯ , but the
definite parity of the scalar fields Wjµ¯ and Bµ¯ under such
a transformation is odd. Furthermore, we assume that
the corresponding parity of the extra-dimensional scalar
doublet Φ is even. Eqs. (1) and (2) embody a second
canonical transformation [65, 66] which, after implemen-
tation, yields sets of KK modes, recognized as dynamic
variables of the KK Lagrangian. The whole set of KK
modes from the gauge and scalar sectors, together with
the two canonical maps generating them, is illustrated in
Eq. (5):
WjM (x, x¯) 7→


Wjµ(x, x¯) 7→W (0)jµ (x), W (k)jµ (x)
Wjµ¯(x, x¯) 7→W (k)jµ¯ (x)
BM (x, x¯) 7→


Bµ(x, x¯) 7→ B(0)µ (x), B(k)µ (x)
Bµ¯(x, x¯) 7→ B(k)µ¯ (x)
Φ(x, x¯) 7→ Φ(x, x¯) 7→ Φ(0)(x), Φ(k)(x)
(5)
After usage of the canonical maps, and subsequent
straightforward integration of the extra dimensions in
the action, the 4-dimensional KK lagrangian terms
LYMKK + LSKK =
∫
dnx¯(LYM4+n + LS4+n) arise. The
effective-theory description provided by LYMKK + LSKK is
characterized by low-energy symmetries, among which
4-dimensional Poincare´ symmetry is central. With
respect to the Lorentz group SO(1, 3), the KK fields
5W
(0)j
µ , W
(k)j
µ , B
(0)
µ , and B
(k)
µ are 4-vectors, whereas
W
(k)j
µ¯ and B
(k)
µ¯ , as well as the components of Φ
(0)
and Φ(k), are scalars. About gauge symmetry, the
effectuation of compactification entails the occurrence
of hidden symmetries [65]. Originally characterized by
the gauge group SU(2,M4+n)L × U(1,M4+n)Y , set on
4 + n spacetime dimensions, the (4 + n)-dimensional
Standard Model has been mapped into a KK theory
that manifests gauge invariance corresponding to the
low-energy group SU(2,M4)L × U(1,M4)Y , defined
on 4 spacetime dimensions. Collaterally, the gauge
transformations of the (4 + n)-dimensional connections
WjM and BM split into two disjoint sets of 4-dimensional
gauge transformations [40, 64–66]: standard gauge
transformations, which constitute the gauge group
SU(2,M4)L × U(1,M4)Y and with respect to which
KK zero modes W
(0)j
µ and B
(0)
µ behave as gauge fields;
nonstandard gauge transformations, under which KK
excited modes W
(k)j
µ and B
(k)
µ are sort of like gauge
fields, in the sense that they follow a transformation that
is reminiscent of a gauge transformation, but which does
not correspond to SU(2,M4)L × U(1,M4)Y . Further-
more, let us remark that KK excited modes W
(k)j
µ and
B
(k)
µ are not connections of SU(2,M4)L × U(1,M4)Y ,
but, rather, they transform as matter fields, in the
adjoint representation of this group [40, 64–66]. Hence
gauge symmetry governing the KK effective theory
does not forbid the presence of mass terms for vector
KK-excited-mode fields W
(k)j
µ and B
(k)
µ . This is to be
contrasted with the situation of KK zero modes W
(0)j
µ
and B
(0)
µ , which, being 4-dimensional gauge fields, are
restricted to be massless. All scalar KK modes, on the
other hand, transform as matter fields with respect to
both sets of gauge transformations. In particular, the
scalar fields W
(k)j
µ¯ and B
(k)
µ¯ are, in spite of their gauge
origin, matter fields under SU(2,M4)L × U(1,M4)Y ,
which opens the possibility for they to become massive.
Moreover, the zero mode Φ(0) and the excited modes
Φ(k) are SU(2,M4)L doublets with hypercharge YΦ.
A remarkable outcome of compactification is the oc-
currence of mass terms for the whole set of KK excited
modes, which we refer to as the KK mass-generating
mechanism, or KK mechanism for short. Any KK ex-
cited mode χ(k), labeled by an specific multi-index (k),
acquires a KK mass,
m(k) =
√(
k1
R1
)2
+
(
k2
R2
)2
+ · · ·+
(
kn
Rn
)2
, (6)
no matter whether the original (4 + n)-dimensional dy-
namic variable χ is a gauge or a scalar field. Mass
terms for vector KK fields W
(k)j
µ and B
(k)
µ are found
in a straightforward manner, which also happens with
the components of the KK doublets Φ(k). This con-
trasts with the case of scalar KK excited modes belong-
ing to the set {W (k)j5 ,W (k)j6 , . . . ,W (k)j4+n}, with fixed KK
index (k), since mixings among all the fields of such
a set take place. And the same goes for the set of
scalar fields {B(k)5 , B(k)6 , . . . , B(k)4+n}, for any fixed (k).
Mixings for both sets of scalar KK modes are given
by the same real and symmetric mixing matrix M(k),
with entries M(k)µ¯ν¯ = m2(k) δµ¯ν¯ − p(k)µ¯ p(k)ν¯ . Things can be
conveniently arranged so that, denoting the orthogonal-
diagonalization matrix ofM(k) by R(k), the diagonaliza-
tion4 (R(k)TM(k)R(k))µ¯ν¯ = m2(k)δµ¯ν¯(1 − δµ¯,4+n) can be
executed. Note that the eigenvalues of R(k)TM(k)R(k)
are m2(k), except for that corresponding to µ¯ = ν¯ = 4+n,
which is 0. The null eigenvalue implies the presence
of massless scalar KK excited modes, which we denote
as W
(k)j
G and B
(k)
G , and which turn out to be kind of
pseudo-Goldstone bosons, in the sense that a nonstan-
dard gauge transformation that eliminates them from
the theory exists, indicating that such fields represent
unphysical degrees of freedom. After the change of
basis, induced by diagonalization, the resulting mass-
eigenfields basis involves, for any fixed KK index (k),
the sets of scalar fields {W ′(k)j1 ,W ′(k)j2 , . . . ,W ′(k)jn−1 } and
{B′(k)1 , B′(k)2 , . . . , B′(k)n−1}, all of them with mass m(k), and
the aforementioned pseudo-Goldstone bosons W
(k)j
G and
B
(k)
G . Such a diagonalization, with the associated set of
resulting fields, is illustrated in Eq. (7):{
W
(k)j
µ¯
}4+n
µ¯=5
7→W (k)jG ,
{
W
′(k)j
n¯
}n−1
n¯=1{
B
(k)
µ¯
}4+n
µ¯=5
7→ B(k)G ,
{
B
′(k)
n¯
}n−1
n¯=1
(7)
The KK-mechanism procedure bears features that
evoke the Englert-Higgs mechanism (EHM) [82–84],
responsible for mass generation in the 4DSM. A gauge-
invariant scalar potential with degenerate minima, which
can be characterized by the set of points constituting a
hypersphere with radius determined by some vacuum
expectation value, is the starting point of the EHM. The
hypersphere points are connected to each other by gauge
symmetry associated to some group G, of dimension dG,
so they represent physically equivalent vacuum states.
To pick one of such minima, a specific constant vector,
associated to a particular point on the hypersphere,
is taken. Such a choice induces a map G 7→ H that
breaks the gauge group G down into one of its subgroups
H ⊂ G, of dimension dH . This procedure breaks dG−dH
generators of G, thus leaving dH unbroken generators.
Any gauge field pointing towards the direction defined
by a broken generator becomes massive, which yields
the emergence of an associated pseudo-Goldstone boson.
Hence the resulting set of fields involves dG−dH massive
4 In this equation, the repeated index µ¯ is not summed.
6gauge fields and the same number of pseudo-Goldstone
bosons. On the other hand, the dH gauge fields pointing
along directions corresponding to unbroken generators
remain massless and are the connections of the gauge
subgroup H , which governs the resultant theory. So,
the remaining dH unbroken generators define the Lie
algebra of H . Regarding the KK mechanism, note that
the complete set of orthogonal functions {f (k)E , f ((k)O }
is not unique. In order to pick a particular set,
an extra-dimensional observable, namely the ISO(n)
Casimir invariant P¯ 2, was utilized, though other op-
tions, yielding different sets {f (k)E , f ((k)O }, are available.
The definition of a such a set determines a canonical
transformation that maps the extra-dimensional fields
into the 4-dimensional KK modes, thus defining a theory
governed by 4-dimensional Poincare´ invariance. In other
words, the map ISO(1, 3 + n) → ISO(1, 3) takes place.
Furthermore, while the extra-dimensional theory is
invariant with respect to some gauge group defined on
the spacetime with extra dimensions, after this map the
resulting theory is manifestly governed a gauge group
characterized by the same generators, though defined
in 4 dimensions. Consider a connection of the gauge
group in extra dimensions and assume that it has been
mapped into its set of KK modes. The corresponding
KK zero mode points along the direction of the constant
function f (0) = 〈x¯|p¯(0)〉, determined by the P¯ 2 eigenket
|p¯(0)〉. The zero mode remains massless and transforms
as a gauge field with respect to the 4-dimensional
gauge group, which resembles what happens with the
gauge fields pointing towards the directions associated
to unbroken generators in the EHM. Moreover, the
remaining 2n − 1 eigenkets |p¯(k)〉, with (k) 6= (0), are
analogues of the broken gauge-group generators from
the EHM, in the sense that they define independent
directions f
(k)
O and f
(k)
E along which vector fields with
masses acquired by the KK mechanism are directed,
with the presence of the same number of associated
pseudo-Goldstone bosons. It is worth emphasizing
that, in contrast with the case of the EHM, the KK
mechanism does not involve broken gauge generators,
since the the extra-dimensional and the 4-dimensional
gauge groups share the same generators.
Implementation of the EHM takes place in the next
step: the electroweak group SU(2,M4)L × U(1,M4)Y
is spontaneously broken down into the electromagnetic
group U(1,M4)e, for which the potential-minimizing
critical point Φ
(0)T
0 = (0, v/
√
2), for the zero-mode
doublet Φ(0), is chosen, with v the vacuum expectation
value of the Higgs field. The 4DSM charged bosons
W
(0)±
µ = (W
(0)1
µ ∓ iW (0)2µ )/
√
2 and the neutral vector
boson Z(0) = cWW
(0)3
µ − sWB(0)µ respectively get masses
mW (0) = gv/2 and mZ(0) = mW (0)/cW by this mean.
Here, g = g4+n/
√
(2π)nR is the SU(2,M4)L coupling
constant, and the notation sW = sin θW , cW = cos θW
has been utilized, with θW the weak mixing angle. On
the other hand, the zero mode A
(0)
µ = sWW
(0)3
µ +cWB
(0)
µ ,
to be interpreted as the electromagnetic field, remains
massless. Within this context, the Higgs scalar field,
h(0), gets a mass mh(0) =
√
2µ2.
The EHM also induces mass-term contributions for KK
excited modes, so that, at the end of the day, KK masses
are the result of two contributions originated in two
mass-generating mechanisms. KK vector fields W
(k)±
µ =
(W
(k)1
µ ∓ iW (k)2µ )/
√
2, Z
(k)
µ = cWW
(k)3
µ − sWB(k)µ , and
A
(k)
µ = sWW
(k)3
µ + cWB
(k)
µ get mass-term contributions
adding to those mass terms previously generated by
the KK mechanism, thus resulting in masses given by
m2
W (k)
= m2
W (0)
+ m2(k), m
2
Z(k)
= m2
Z(0)
+ m2(k), and
m2
A(k)
= m2(k), respectively. A mass contribution for the
KK scalar field h(k) is also generated, which turns out
to be given by m2
h(k)
= m2
h(0)
+ m2(k). Moreover, the
sets of scalar KK fields {W ′(k)±1 ,W ′(k)±2 , . . . ,W ′(k)±n−1 },
{Z ′(k)1 , Z ′(k)2 , . . . , Z ′(k)n−1} and {A′(k)1 , A′(k)2 , . . . , A′(k)n−1} are
defined by W
′(k)±
n¯ = (W
′(k)1
n¯ ∓ iW ′(k)2n¯ )/
√
2, Z
′(k)
n¯ =
cWW
′(k)3
n¯ − sWB′(k)n¯ , and A′(k)n¯ = sWW ′(k)3n¯ + cWB′(k)n¯ .
These fields respectively acquire masses mW (k) , mZ(k)
and mA(k) . Mass contributions for the remaining
scalar KK-excitation fields are generated as well, but
bilinear mixings arise, so that a mass-eigenfields
basis is to be defined. Excited-mode doublets
Φ(k)T = (S
(k)+
W , (h
(k) + iS
(k)
Z )/
√
2), involve neutral
fields h(k) and S
(k)
Z , and charged scalar fields S
(k)±
W
as well. The pseudo-Goldstone bosons W
(k)1
G and
W
(k)2
G , originated in the (4 + n)-dimensional Yang-
Mills sector, define the charged pseudo-Goldstone
bosons W
(k)±
G = (W
(k)1
G ∓ iW (k)2G )/
√
2. For any
fixed KK index (k), mixings among pseudo-Goldstone
bosons W
(k)±
G and scalar fields S
(k)±
W take place,
which is characterized by a hermitian mixing ma-
trix. Then a unitary diagonalization, parametrized
by the mixing angle ξ(k) = tan−1(mW (0)/m(k)),
yields massless pseudo-Goldstone bosons G
(k)±
W =
cos ξ(k)W
(k)±
G ± i sin ξ(k)S(k)±W and physical scalars
W (k)± = sin ξ(k)W
(k)±
G ∓ i cos ξ(k)S(k)±W with mass
mW (k) . On the other hand, neutral pseudo-Goldstone
bosons are defined as Z
(k)
G = cWW
(k)3
G − sWB(k)G and
A
(k)
G = sWW
(k)3
G + cWB
(k)
G . A mixing involving Z
(k)
G
and S
(k)
Z emerges, while A
(k)
G , connected with the elec-
tromagnetic field A
(0)
µ and, so, completely unrelated to
the EHM, does not mix. An orthogonal diagonalization,
with mixing angle η(k) = tan−1(mZ(0)/m(k)), defines the
pseudo-Goldstone bosonG
(k)
Z = sin η
(k)S
(k)
Z +cos η
(k)Z
(k)
G
and the massive scalar Z(k) = cos η(k)S
(k)
Z − sin η(k)Z(k)G ,
with mass mZ(k) . Eqs. (8), (9), and (10) have been used
to illustrate the resulting KK-excitation field content, in
the mass-eigenfields basis.
7KK vectors:
W
(k)j
µ
B
(k)
µ

 7→


W
(k)±
µ
Z
(k)
µ
A
(k)
µ
(8)
KK scalars and pseudo-Goldstone bosons:
W
′(k)j
n¯
B
′(k)
n¯

 7→


W
′(k)±
n¯
Z
′(k)
n¯
A
′(k)
n¯
(9)
W
(k)j
G
B
(k)
G

 7→


W
(k)±
G
Z
(k)
G
A
(k)
G
Φ(k)


S
(k)±
W
S
(k)
Z
h(k)




h(k)
W
(k)±
G
S
(k)±
W

 7→
{
G
(k)±
W
W (k)±
Z
(k)
G
S
(k)
Z

 7→
{
G
(k)
Z
Z(k)
A
(k)
G
(10)
B. Gauge fixing
Field formulations aimed at furnishing sensible quan-
tum descriptions of nature are usually built on the
grounds of gauge symmetry. The essence of gauge sym-
metry resides in the presence of more degrees of freedom
than those strictly required by some given system for
its description [85]. Gauge transformations link a whole
family of different mathematical configurations which, in
order for gauge symmetry to make physical sense, must
lead to the exact same physical results. In other words,
any observable intended to be genuinely physical must
be gauge independent. Even though gauge symmetry
is a main element for the definition of field theories, it
turns out that quantization requires gauge fixing to be
carried out, which means to choose a specific gauge, thus
resulting in a formulation that is not gauge invariant
anymore.
Being associated to local symmetry groups, gauge
transformations are defined by functions, known as gauge
parameters, which depend on spacetime coordinates.
The selection of a set of specific spacetime-dependent
functions to play the role of gauge parameters fixes the
gauge, establishing a particular gauge configuration. A
systematic path to pick a gauge, among the so-called
linear gauges, was developed long ago by the authors of
Ref [86]. In their approach, gauge fixing is parametrized
by a gauge-fixing parameter, usually denoted as ξ,
whose different values correspond to different gauges.
In such an approach, the Landau gauge, ξ = 0, and the
Feynman-’t Hooft gauge, ξ = 1, are commonly utilized.
Another customary choice is the unitary gauge, which,
in this scheme, is obtained by taking the limit as ξ →∞.
The field-antifield formalism and the Becchi-Rouet-
Stora-Tyutin (BRST) symmetry constitute an efficacious
mean through which the quantization of gauge systems
can be achieved [87–95]. In this framework, the field
content defining some gauge theory gets systematically
extended. First, a set of ghost and antighost fields is
added to the theory; more precisely, per each gauge
parameter participating in the theory, a ghost-antighost
pair is introduced. Also, a set of auxiliary fields is
included. Then, a further enlargement of the field con-
tent takes place by the incorporation of antifields, one
per each field already defined. Moreover, a symplectic
structure, known as the antibracket is defined, with each
field-antifield pair being canonical conjugate variables.
The resultant increased set of fields is then understood
to define an extended action, which is assumed to
satisfy the Batalin-Vilkovisky master equation. BRST
transformations, which include gauge transformations,
are generated by the extended action, governed by
BRST symmetry. Once established the master equation,
the main objective is the determination of a proper
solution, which is distinguished from other extended
actions by suitable boundary conditions connecting it
with the original action, previous to incrementation of
the field content. The next goal is gauge fixing, which
is nontrivially performed through the definition of a
fermionic functional aimed at the elimination of the
whole set of antifields. The idea is to kill two birds with
one stone by getting rid of antiflields and, collaterally,
fix the gauge. This process ends with the emergence of a
quantum action, which depends on general gauge-fixing
functions. At this point, gauge invariance has been
completely removed in a general framework in which
sets of ad hoc gauge-fixing functions, with minimal
restrictions, can be defined to establish a particular
gauge configuration.
With the above discussion in mind, our next objective
is gauge fixing in the KK theory, which we address within
the framework of the BRST formalism. The extended-
action proper solution for the 4-dimensional gauge group
SU(N) has been discussed in detail in Ref. [87], while
a generalization to 5 spacetime dimensions and the cor-
responding KK theory are found in Ref. [64]. In this
approach, gauge fixing in the Standard Model in 5 di-
mensions has been discussed in Ref. [40]. The imple-
mentation of these techniques to the (4+n)-dimensional
Standard Model and its KK effective description yields
8the quantum Lagrangian, LSMQKK = LSMKK + LGKK + LGFKK.
Here LSMKK is the KK Lagrangian produced by the whole
(4 + n)-dimensional Standard Model. The lagrangian
term LGKK is the KK ghost-antighost sector, given in terms
of KK modes of ghost and antighost fields. The last
term, LGFKK, is the gauge-fixing sector, which we write as
LGFSM = LGF(0)SM + LGF(k)SM . In this expression, LGF(0)SM is a
gauge-fixing lagrangian term defined, exclusively, by KK
zero modes, thus being meant for the specification of a
gauge configuration among those defined by the symme-
try group SU(2,M4)L×U(1,M4)Y . On the other hand,
LGF(k)SM = −
1
2ξ
∑
(k)
(
f (k)jf (k)j + f (k)f (k)
)
(11)
is a gauge-fixing Lagrangian made of both zero- and
excited-mode KK fields, and which is defined by
gauge-fixing functions f (k) and f (k)j , with j = 1, 2, 3
an SU(2,M4)L gauge index. The purpose of LGF(k)SM
is to pick a gauge configuration allowed by invariance
associated to nonstandard gauge transformations.
Symmetry with respect to nonstandard gauge trans-
formations can be removed from the KK effective
Lagrangian LSMQKK without touching the gauge group
SU(2,M4)L×U(1,M4)Y . The trick lies in noticing that
only standard gauge transformations are associated to
this 4-dimensional gauge group. In this context, a set
of gauge-fixing functions f (k)j, f (k), suitably defined to
transform covariantly under SU(2,M4)L × U(1,M4)Y ,
shall get the job done. So we use the following gauge-
fixing functions:
f (k)j = D(0)jmµ W (k)mµ − ξm(k)W (k)jG
+igξ
(
Φ(k)†
σj
2
Φ(0) − Φ(0)† σ
j
2
Φ(k)
)
, (12)
f (k) = ∂µB
(k)µ − ξm(k)B(k)G
+
ig′Yφ
2
ξ
(
Φ(k)†Φ(0) − Φ(0)†Φ(k)
)
, (13)
where D(0)jmµ is the covariant derivative of SU(2,M4)L,
in the adjoint representation. Our choice of functions
f (k)j , f (k), given in Eqs. (12) and (13), thus leaves the
issue of zero-mode gauge-fixing to the lagrangian term
LGF(0)SM , which is to be used to establish a gauge configura-
tion among those connected by SU(2,M4)L×U(1,M4)Y .
C. Yukawa and currents sectors
The present subsection is devoted to lagrangian terms
in which fermions are involved. Differently from our
general treatment of the gauge and scalar sectors, in the
sense of the number of extra dimensions, this discussion
on fermion sectors is developed in the context of the
Standard Model defined on a spacetime with only 1
spatial extra dimension. Under such circumstances, the
geometry of the compact extra dimension is assumed to
be that of an orbifold S1/Z2, characterized by a radius R.
Chirality is not defined for odd-dimensional space-
times, which includes the case of 1 extra dimension:
given the set of 5 gamma matrices {Γµ = γµ,Γ5 = iγ5},
which satisfy the Dirac algebra {ΓM ,ΓN} = 2gMN and
which we use from here on, a proper chiral matrix,
say Γ6, does not exist. After compactification, any
5-dimensional spinor Ψ(x, x¯) can be Fourier expanded,
yielding three types of KK Dirac spinors: a zero mode
ψˆ(0)(x); excited modes ψˆ(k)(x), multiplied by cosines;
and excited modes ψ˜(k)(x), which multiply sines. These
KK spinors, defined on 4 spacetime dimensions, can
be decomposed into chiral spinors as usual. From the
transformation law of 5-dimensional spinors under space
reflection x¯→ −x¯, and because of orbifold compactifica-
tion, parity-even and parity-odd 5-dimensional spinors
are respectively expanded as
Odd parity:
Ψ(x, x¯) =
1√
2πR
ψˆ
(0)
L (x) +
∞∑
k=1
1√
πR
[
ψˆ
(k)
L (x) cos{p¯(k)x¯}
+ψ˜
(k)
R (x) sin{p¯(k)x¯}
]
, (14)
Even parity:
Ψ(x, x¯) =
1√
2πR
ψˆ
(0)
R (x) +
∞∑
k=1
1√
πR
[
ψˆ
(k)
R (x) cos{p¯(k)x¯}
+ψ˜
(k)
L (x) sin{p¯(k)x¯}
]
, (15)
with extra-dimensional momentum given by p¯(k) = k/R.
To establish the lagrangian terms constituting the
fermion sector of the Standard Model in 5 dimensions,
we first define the spinor-field content. We introduce six
SU(2,M5)L doublets
Lα =
(
ν˜α(x, x¯)
l˜α(x, x¯)
)
, Qβ =
(
u˜β(x, x¯)
d˜β(x, x¯)
)
, (16)
with α = e, µ, τ and β = u, c, t. All lepton doublets
Lα are assumed to share the same hypercharge Y
l
L, with
respect to U(1,M5)Y . Similarly, an U(1,M5)Y hyper-
charge Y qL is assumed to characterize the three quark
doublets Qβ. We also assume the presence of twelve
SU(2,M5)L singlets
να(x, x¯), lα(x, x¯), uβ(x, x¯), dβ(x, x¯), (17)
where, again, α = e, µ, τ and β = u, c, t. Neutrino
fields να are also assumed to be singlets with respect to
9U(1,M5)Y , so these fields are singlets of the whole gauge
group SU(2,M5)L × U(1,M5)Y , with the consequence
that zero-mode-neutrino masses arise from the EHM [96].
On the other hand, U(1,M5)Y hypercharge assignments
Y lR, Y
u
R , Y
d
R for fields lα, uβ, dβ are respectively assumed.
The 5-dimensional currents and Yukawa sectors are
defined in Eqs. (18) and (19).
Lepton sector:
LlY + LlC =
∑
α,β
[
− Yl5,αβL¯αΦlβ − Yν5,αβL¯αΦ˜νβ +H.c.
+L¯αiΓ
MDMLα + l¯αiΓ
MDM lα + ν¯αiΓ
M∂Mνα
]
,
(18)
Quark sector:
LqY + LqC =
∑
α,β
[
− Yd5,αβQ¯αΦ dβ − Yu5,αβQ¯αΦ˜uβ +H.c.
+Q¯αiΓ
MDMQα + d¯αiΓ
MDMdα + u¯αiΓ
MDMuα
]
,
(19)
where Φ˜ = iσ2Φ∗. The 5-dimensional Yukawa constants
Yν5,αβ , Y
l
5,αβ , Y
u
5,αβ , Y
d
5,αβ , characterizing the Yukawa
terms in Eqs. (18) and (19), are dimensionful, with units
(mass)−1/2. In what follows, we shorten our notation
by utilizing f = ν, l, u, d; so, for instance, the afore-
mentioned Yukawa constants are generically denoted
as Yf5,αβ . Aiming at a sensible 4-dimensional effective
description, a consistent connection with low-energy
physics is established through the assumption that
SU(2,M4)Y doublets Lα and Qα, defined in Eq. (16),
have odd parity with respect to x¯ → −x¯, which means
that their Fourier expansions are provided by Eq. (14).
With the same goal in mind, SU(2,M5)L singlets να, lα,
uα, and dα, given in Eq. (17), are assumed to be parity
even, with their Fourier expansions thus determined
by Eq. (15). The use of such KK expansions, and
the ulterior integration of the extra dimension in the
action, yields KK lagrangian terms, where, of course,
the dynamic variables are 4-dimensional KK fields.
In accordance with Eq. (14), doublets Lα(x, x¯) unfold
into three kinds of KK SU(2,M4)L doublets, denoted
by L
(0)
α,L(x), L
(k)
α,L(x), and L
(k)
α,R(x). The zero-mode dou-
blet L
(0)
α,L, made of 4-dimensional chiral spinors ν
(0)
α,L and
l
(0)
α,L, is identified as the standard lepton SU(2,M4)L dou-
blet of the 4DSM. KK-excitation lepton doublets L
(k)
α,L
and L
(k)
α,R combine to define the SU(2,M4)L doublet
L
(k)
α = L
(k)
α,L+L
(k)
α,R, with 4-dimensional non-chiral spinor
components ν˜
(k)
α and l˜
(k)
α . By inspection of Eq. (15), note
that 5-dimensional singlets να(x, x¯) and lα(x, x¯) respec-
tively yield KK SU(2,M4)L singlets ν(0)α,R(x), ν(k)α,L(x),
ν
(k)
α,R(x) and l
(0)
α,R(x), l
(k)
α,L(x), l
(k)
α,R(x). Zero modes l
(0)
α,R
play the role of standard SU(2,M4)L singlets, intro-
duced for the 4DSM. Right-handed zero-mode neutrino
fields ν
(0)
α,R, which are sterile with respect to the whole 4-
dimensional gauge group SU(2,M4)×U(1,M4)Y , allow
for neutrino masses in the so-called minimally extended
Standard Model [96], in 4 dimensions. Moreover, from the
resulting sets of KK-excitation fields, non-chiral spinors
ν
(k)
α = ν
(k)
α,L+ν
(k)
α,R and l
(k)
α = l
(k)
α,L+ l
(k)
α,R are defined. The
field content of KK leptons is illustrated in Eqs. (20) and
(21):
Lα(x, x¯) 7→


L
(0)
α,L(x)


ν
(0)
α,L(x)
l
(0)
α,L(x)
L
(k)
α,L(x)
L
(k)
α,R(x)

 7→ L(k)α (x)
{
ν˜
(k)
α (x)
l˜
(k)
α (x)
(20)
να(x, x¯) 7→


ν
(0)
α,R(x)
ν
(k)
α,L(x)
ν
(k)
α,R(x)
}
7→ ν(k)α
lα(x, x¯) 7→


l
(0)
α,R(x)
l
(k)
α,L(x)
l
(k)
α,R(x)
}
7→ l(k)α
(21)
The discussion for the quark sector goes exactly the same,
so we just illustrate the process in Eqs. (22) and (23):
Qα(x, x¯) 7→


Q
(0)
α,L(x)


u
(0)
α,L(x)
d
(0)
α,L(x)
Q
(k)
α,L(x)
Q
(k)
α,R(x)

 7→ Q(k)α (x)
{
u˜
(k)
α (x)
d˜
(k)
α (x)
(22)
uα(x, x¯) 7→


u
(0)
α,R(x)
u
(k)
α,L(x)
u
(k)
α,R(x)
}
7→ u(k)α
dα(x, x¯) 7→


d
(0)
α,R(x)
d
(k)
α,L(x)
d
(k)
α,R(x)
}
7→ d(k)α
(23)
As it happened with the gauge and scalar KK fields,
every KK excited fermion mode gets the same mass
contribution m(k) = k/R as a consequence of the KK
mechanism. It is worth commenting that the corre-
sponding mass-term contributions are not Yukawa like,
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but they come from the currents sector instead. Also
worth of attention is the presence of a wrong sign in KK
mass terms of neutrino and up-quark fields; this issue is
solved later by following Ref. [97].
After compactification, the resultant KK Yukawa
sector depends on the zero-mode scalar SU(2,M4)L
doublet Φ(0), thus being directly affected by spontaneous
symmetry breaking occurring at the energy scale v. The
EHM produces, at a first stage, bilinear mixings among
fermion zero modes, driven by the dimensionless Yukawa
matrices Yf , with entries Yfαβ = Y
f
5,αβ/
√
2πR. Biunitary
diagonalizations V f†L Y
fV fR = Y
′f , where Y′f is a real di-
agonal matrix with positive diagonal entries, take place,
thus inducing the changes of bases f
′(0)
α,L = (V
f†
L )αβ f
(0)
β,L
and f
′(0)
α,R = (V
f†
R )αβ f
(0)
β,R. While these expressions
apply for f = ν, l, u, d, note that each case determines
a set of labels upon which the greek index α runs: if
f = ν, then α ≡ j = 1, 2, 3; f = l corresponds to
α = e, µ, τ ; for f = u we have α = u, c, t; and for the
case f = d, the corresponding labels are α = d, s, b. This
notation is also used for our discussion about KK excited
modes, later in this paper. After diagonalization of the
Yukawa matrices, non-chiral zero-mode mass eigenfields
f
(0)
α = f
′(0)
α,L + f
′(0)
α,R are defined
5, and Dirac mass terms
carrying masses m
f
(0)
α
= Y′fα v/
√
2 are identified, where
Y′fα ≡ Y′αα are the diagonal entries of the diagonalized
Yukawa matrices Y′.
The implementation of spontaneous symmetry break-
ing also affects KK excited-mode fermion fields lying
in the Yukawa sector. After compactification, Yukawa
terms involving Yukawa constants Yfαβ and fermion KK
excited modes f˜
(k)
α and f
(k)
α naturally arise. Among other
things, such terms produce, through the EHM, terms
that are quadratic in these two types of KK fields, which
include mixings. On the other hand, the biunitary diag-
onalizations of the Yukawa matrices Yf , previously de-
fined, trigger changes of bases on such KK fields. The
corresponding transformations, given by the same uni-
tary matrices that yield the zero-mode fermion eigen-
fields, are f˜ ′(k) = V f†L f˜
(k) and f ′(k) = V f†R f
(k). The
effectuation of these changes of bases does not elimi-
nate mixings among the different types of KK excited-
mode spinors, which are now f˜
′(k)
α and f
′(k)
α , so a fur-
ther diagonalization is to be carried out. For any fixed
(k), a fermion mixing is given by a real and symmet-
ric 2 × 2 matrix, M
f
(k)
α
, which is diagonalized by an
orthogonal matrix, P
f
(k)
α
, characterized by the mixing
5 Notice that the prime symbol, present in the mass-eigenfields
chiral spinors, has been suppressed in the definition of the non-
chiral spinor f
(0)
α .
angle θ
f
(k)
α
= tan−1
[
(m
f
(k)
α
+ m(k))/(mf(k)α
−m(k))
]1/2
.
Here, KK masses given by m2
f
(k)
α
= m2
f
(0)
α
+ m2(k) have
been defined. This diagonalization yields the field defi-
nitions f
(k)
1,α = cos θf(k)α
f
′(k)
α + sin θf(k)α
f˜
′(k)
α and f
′(k)
2,α =
− sin θ
f
(k)
α
f
′(k)
α + cos θf(k)α
f˜
′(k)
α . The eigenvalues of the
mixing matrix M
f
(k)
α
are ±m
f
(k)
α
, meaning that the
wrong mass-term sign, pointed out before, still remains.
Specifically, it affects mass terms for the primed KK
fermion fields f
′(k)
2,α . As the authors of Ref. [97] showed,
the redefinition f
′(k)
2,α = γ5f
(k)
2,α suffices to put things right.
At the end of the day, KK excited-mode fermion fields
f
(k)
1,α and f
(k)
2,α turn out to have the same mass mf(k)α
. The
final set of KK excited-mode fermion dynamic variables
is illustrated in Eq. (24):
f˜
(k)
α 7→ f˜ ′(k)α
f
(k)
α 7→ f (k)α

 7→


f
(k)
1,α


ν
(k)
1,j
l
(k)
1,β
u
(k)
1,γ
d
(k)
1,δ
f
′(k)
2,α 7→ f (k)2,α


ν
(k)
2,j
l
(k)
2,β
u
(k)
2,γ
d
(k)
2,δ
(24)
where j = 1, 2, 3, β = e, µ, τ , γ = u, c, t, and δ = d, s, b.
The 4DSM, defined exclusively by KK zero-mode
fields, includes charged currents in which quark flavor
is not preserved, a feature that emerges after biunitary
diagonalizations of Yukawa matrices and which is charac-
terized by the Cabibbo-Kobayashi-Maskawa matrix [98–
102], κ = V u†L V
d
L . After compactification, but pre-
vious to spontaneous symmetry breaking, our KK La-
grangian comprises, among its dynamic variables, sterile
right-handed zero-mode neutrino fields ν
(0)
α,R. A conse-
quence of this is the appearance, after implementation of
spontaneous symmetry breaking, of lepton charged cur-
rents in which lepton flavor changes, with such an ef-
fect described by the Pontecorvo-Maki-Nakagawa-Sakata
matrix [103–107], given by the matrix product V l†L V
ν
L .
An important characteristic of both favor-changing ma-
trices is the incorporation of CP -violating effects, car-
ried by complex phases. The phenomenon of CP non-
conservation has great relevance due to its role in baryon
asymmetry, according to the Sakharov conditions [108].
Flavor-changing charged currents in which KK excited
modes participate occur as well in both the lepton and
the quark sectors, and, as it is the case of the 4DSM,
the characterization of such effects are also given by the
Cabibbo-Kobayashi-Maskawa and the Pontecorvo-Maki-
Nakagawa-Sakata matrices.
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D. Selected lagrangian terms
The full KK effective lagrangian, found after imple-
mentation of compactification and the EHM, includes
the whole 4DSM, but also contains a plethora of cou-
plings in which KK excited modes take part. In this
subsection, we provide explicit expressions of those
couplings that are required for the main calculation to
be executed. Of course, there are also 4DSM couplings
generating low-energy effects, but the corresponding
lagrangian terms and/or Feynman rules are available in
the literature [109, 110], so we rather focus on lagrangian
terms in which KK excited-mode fields participate.
From the sum LYMKK+LSKK+LGF(k)KK , which combines the
KK gauge, scalar, and excited-mode gauge-fixing sectors,
the lagrangian terms
LA(0)W (k)W (k) = ie F (0)µν W (k)+µW (k)−ν
+
[
ie A(0)µ
(
W (k)−µνW (k)+ν
−1
ξ
W (k)−µ∂νW
(k)+ν
)
+H.c.
]
, (25)
L
A(0)G
(k)
W
G
(k)
W
= ie A(0)µ G
(k)−
W ∂
µG
(k)+
W +H.c., (26)
LA(0)W (k)W (k) = ie A(0)µ W (k)−∂µW (k)+ +H.c. (27)
emerge, with the definitions W
(k)±
µν ≡ ∂µW (k)±ν −
∂νW
(k)±
µ and where F
(0)
µν is the 4-dimensional elec-
tromagnetic tensor. By inspection of Eq. (25), terms
proportional to the inverse gauge-fixing parameter ξ−1
can be noticed. They proceed from the gauge-fixing
lagrangian LGF(k)KK , with the choice of gauge-fixing
functions displayed in Eqs. (12) and (13). Eqs. (26)
and (27) show that KK couplings A
(0)
µ G
(k)
W G
(k)
W and
A
(0)
µ W
(k)
s W
(k)
s , with W
(k)
s denoting physical charged
KK scalars W (k)±, have been generated. Worth of
mention are fine cancellations whose occurrence elimi-
nates the couplings A
(0)
µ W
(k)
ν G
(k)
W , A
(0)
µ W
(k)
s G
(k)
W , and
A
(0)
µ W
(k)
ν W
(k)
s from the theory. In particular, the cancel-
lation of contributions to A
(0)
µ W
(k)
ν G
(k)
W is a consequence
of gauge fixing, defined by Eqs. (12) and (13).
The sum LYKK+LCKK, of the KK Yukawa and currents
sectors, defines the lagrangian terms
L
A(0)d
(k)
α d
(k)
α
= eNdA
(0)
µ
[
d¯
(k)
1,αγ
µd
(k)
1,α + d¯
(k)
2,αγ
µd
(k)
2,α
]
, (28)
L
A(0)u
(k)
α u
(k)
α
= eNuA
(0)
µ
[
u¯
(k)
1,αγ
µu
(k)
1,α + u¯
(k)
2,αγ
µu
(k)
2,α
]
,(29)
L
u
(0)
β
d
(k)
α W (k)
=
g κβα√
2
W (k)+µ u¯
(0)
β γ
µPL
[
sin θ
d
(k)
α
d
(k)
1,α
− cos θ
d
(k)
α
d
(k)
2,α
]
+H.c., (30)
L
u
(0)
β
d
(k)
α G
(k)
W
=
ig m(k)κβα√
2mW (k)
G
(k)+
W u¯
(0)
β PR
[
sin θ
d
(k)
α
d
(k)
1,α
+cos θ
d
(k)
α
d
(k)
2,α
]
+H.c.,(31)
L
u
(0)
β
d
(k)
α W
(k)
s
=
ig mW (0)κβα√
2mW (k)
W (k)+u¯
(0)
β PR
×
[
sin θ
d
(k)
α
d
(k)
1,α + cos θd(k)α
d
(k)
2,α
]
+H.c., (32)
L
u
(0)
α u
(k)
α A(k)
= eNuA
(k)
µ u¯
(0)
α γ
µ
×
[(
PL sin θu(k)α
+ PR cos θu(k)α
)
u
(k)
1,α
−(PL cos θu(k)α + PR sin θu(k)α )u(k)2,α
]
+H.c., (33)
L
u
(0)
α u
(k)
α A
(k)
G
= ieNuA
(k)
G u¯
(0)
α
×
[(
PR sin θu(k)α
− PL cos θu(k)α
)
u
(k)
1,α
+
(
PR cos θu(k)α
− PL sin θu(k)α
)
u
(k)
2,α
]
+H.c., (34)
L
u
(0)
α u
(k)
α Z(k)
=
g
2cW
Z(k)µ u¯
(0)
α γ
µ
×
[(
PRh
u
0 cos θu(k)α
+ PLh
u
1 sin θu(k)α
)
u
(k)
1,α
−(PRhu0 sin θu(k)α + PLhu1 cos θu(k)α )u(k)2,α
]
+H.c.,(35)
L
u
(0)
α u
(k)
α G
(k)
Z
=
−ig
2cWmZ(k)
G
(k)
Z u¯
(0)
α
×
[(
PL
(
m
u
(k)
α
+ hu1m(k)
)
cos θ
u
(k)
α
−PR(mu(k)α + h
u
0m(k)) sin θu(k)α
)
u
(k)
1,α
−(PL(mu(k)α − hu1m(k)) sin θu(k)α
−PR
(
m
u
(k)
α
− hu0m(k)
)
cos θ
u
(k)
α
)
u
(k)
2,α
]
+H.c., (36)
L
u
(0)
α u
(k)
α Z
(k)
s
=
−ig
2cW mZ(0)mZ(k)
Z(k)u¯(0)α
×
[(
PL
(
m(k)(m(k) +mu(k)α
)− hu0m2Z(0)
)
cos θ
u
(k)
α
+PR
(
m(k)(m(k) −mu(k)α ) + h
u
1m
2
Z(0)
)
sin θ
u
(k)
α
)
u
(k)
1,α
+
(
PL
(
m(k)(m(k) −mu(k)α )− h
u
0m
2
Z(0)
)
sin θ
u
(k)
α
+PR
(
m(k)(m(k) +mu(k)α
) + hu1m
2
Z(0)
)
cos θ
u
(k)
α
)
u
(k)
2,α
]
+H.c. (37)
Here, eNu = +2e/3 and eNd = −e/3 are, respec-
tively, the electric charges of any u-type quark and
any d-type quark. Moreover, PL = (1 − γ5)/2 and
PR = (1+ γ5)/2 are the chiral projection operators. The
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factors huj = j − 2Nus2W have been also defined. The
lagrangian terms given in Eqs. (28)-(30), (34), and (35)
are solely generated by the currents sector, differently
from what happened in the cases of the couplings given
by Eqs. (31), (32), (36), and (37) which are the result of
combining contributions from both fermion sectors.
III. ANALYTIC CALCULATION OF
ANOMALOUS MAGNETIC MOMENTS AND
FLAVOR-CHANGING DECAYS
A feature of phenomenological significance character-
izing models with universal extra dimensions is that their
very first contributions to low-energy Green’s functions,
and thus to low-energy observables, are produced by
loop Feynman diagrams. For that reason, physical
processes forbidden by the 4DSM at tree level are
important to this kind of beyond-the-Standard-Model
physics. For example, this is the case of the oblique
parameters [33] and the muon anomalous magnetic
moment [111], it concerns flavor-changing processes from
the fermion sector as well [112], and it is interesting, in
this sense, for the gluon-fusion Higgs-boson production
mechanism h → gg and the Higgs decays h → γγ and
h→ γZ [113, 114].
In this section, we use the KK theory previously
discussed to calculate one-loop contributions from KK
modes to the AMMs of u-type quarks and to branching
ratios Br
(
u
(0)
α → A(0)µ u(0)β
)
. We calculate such contribu-
tions analytically, in an exact manner, by means of the
Passarino-Veltman tensor reduction method [115], for
which the software Mathematica, by Wolfram, and the
package Feyncalc [116] are utilized. Then, we consider a
scenario characterized by a very small extra dimension
and obtain analytic expressions, in terms of elementary
mass-dependent functions. Consistency of results with
respect to renormalization and decoupling is discussed
in this section as well.
At one loop, AMMs of u-type quarks receive contribu-
tions from four sorts of Feynman diagrams, distinguished
of each other by which virtual KK tensor modes, among
those of the photon, the Z boson, the Higgs boson
or the W boson, circulate in the loop. In the case
of decays u
(0)
α → A(0)µ u(0)β , contributions exclusively
arise from diagrams with loop KK modes of the W
boson, as the required changes of quark flavor are only
allowed by charged currents. The present discussion
does not comprehend the calculation of contributions
from the 4DSM to AMMs, since the specific value of
this quantity, at least for the case of the top quark, is
available in the literature [41]. Nevertheless, specific
expressions of 4DSM amplitudes are required to analyze
the decay u
(0)
α → A(0)µ u(0)β , so we do calculate such
contributions. Then bear in mind that any reference to
virtual KK zero modes, that is (k) = (0), appertains
only to contributions to this decay process.
With the whole spectrum of KK fields already defined,
Figs. 1-3 display the full set of one-loop Feynman
diagrams that generate KK contributions to both
the electromagnetic vertex A
(0)
µ u
(0)
α u
(0)
α and the decay
u
(0)
α → A(0)µ u(0)β . Diagrams in which neutral KK tensor
A (  )q(0)
u (  )p(0) 1 u (  )p(0) 2
u( )k u( )k
A ,( )k Z ( )k
A (  )q(0)
u (  )p(0) 1 u (  )p(0) 2
u( )k u( )k
h( )ksZ  ,( )kGA  ,( )k ZG  ,( )k
FIG. 1: KK neutral-field diagrams contributing to A(0)µ u
(0)
α u
(0)
α at
one loop. No zero-mode contributions are considered, so (k) 6= (0).
Internal KK quarks carry an index c = 1, 2, which denotes two
kinds of KK spinors (see Subsection IIC).
A (  )q(0)
u (  )p(0) 1 u (  )p(0) 2d( )k
W ( )kW ( )k
A (  )q(0)
u (  )p(0) 1 u (  )p(0) 2
d( )k d( )k
W ( )k
u(0)(   )p1 u(0)(   )p2
A(0)(  )q
d(  )k
u(0)
W (  )k
A (  )q(0)
u (  )p(0) 1 u (  )p(0) 2
W ( )k
d( )k
u(  )0
FIG. 2: KK charged-vector-field diagrams contributing to
A
(0)
µ u
(0)
α u
(0)
α and u
(0)
α → u
(0)
β
A
(0)
µ at one loop. 4DSM contribut-
ing diagrams correspond to (k) = (0). Internal KK quarks carry
an index c = 1, 2, which denotes two kinds of KK spinors (see
Subsection II C).
fields take part are shown in Fig. 1. The first Feynman
diagram of Fig. 1 stands for any contributing diagram
in which vector-boson virtual lines correspond to either
a KK excited-mode field A
(k)
µ or Z
(k)
µ . The second
diagram in this figure involves a scalar loop line instead,
which generically represents pseudo-Goldstone bosons
A
(k)
G or G
(k)
Z , or physical KK scalars Z
(k)
s or h(k). In
these diagrams, loop KK modes of u-type quarks include
the index c = 1, 2, which labels the two sorts of KK
excited-mode spinor fields that eventuate from com-
pactification, as discussed in Section II C. Contributing
Feynman diagrams with loop W -boson KK modes are
exhibited in Figs. 2 and 3. Note that contributions to
the flavor-changing decay process u
(0)
α → A(0)µ u(0)β are
exclusively generated by this set of Feynman diagrams.
Three types of contributing diagrams are comprised
by Figs. 2 and 3: diagrams that involve virtual vector
modes W
(0)±
µ or W
(k)±
µ , with both cases taken into
13
A (  )q(0)
u (  )p(0) 1 u (  )p(0) 2d( )k
W ( )ksG  ,( )kW W
( )k
sG  ,( )kW
A (  )q(0)
u (  )p(0) 1 u (  )p(0) 2
d( )k d( )k
W ( )ksWG  ,( )k
u(0)(   )p1 u(0)(   )p2
A(0)(  )q
d(  )k
u(0)
G(  )kW ,W
(  )k
s
u(0)(   )p1 u(0)(   )p2
A(0)(  )q
d(  )k
u(0)
,G(  )kW W (  )ks
FIG. 3: KK charged-scalar-field diagrams contributing to
A
(0)
µ u
(0)
α u
(0)
α and u
(0)
α → A
(0)
µ u
(0)
β
at one loop. Scalar contributions
are associated to either pseudo-Goldstone bosons G
(k)±
W or physical
scalars W
(k)±
s . Internal KK quarks carry an index c = 1, 2, which
denotes two kinds of KK spinors (see Subsection II C).
account in Fig. 2; contributions from diagrams in
which charged pseudo-Goldstone bosons G
(0)±
W or G
(k)±
W
participate, which are displayed in Fig. 3; and diagrams
with KK physical scalars W (k)± circulating in loops,
which are exhibited in Fig. 3. Note that, for fixed (k)
and γ = d, s, b, the presence of the index c = 1, 2, in the
KK loop spinors d
(k)
c,γ , doubles the number of diagrams
in Figs. 2 and 3.
As discussed before, in the gauge-fixing approach
developed in the present paper the removal of sym-
metries with respect to SU(2,M4)L × U(1,M4)Y and
to nonstandard gauge transformations is achieved by
gauge choices that are independent of each other. In
short, gauge fixing for KK zero modes is unattached to
gauge fixing for excited modes. Therefore, even though
the gauge-fixing functions given in Eqs. (12) and (13)
have been already used to eliminate invariance under
nonstandard gauge transformations, we calculate the
contributions from the 4DSM in the unitary gauge
instead. Under such circumstances, no diagrams from
Fig. 3 with loop zero modes exist; the only contributions
from the 4DSM come from diagrams of Fig. 2, with
(k) = (0).
Let us concentrate, for a moment, on those diagrams
of Fig. 2 with (k) 6= (0), in which KK excited-mode vec-
tor fields W
(k)±
µ participate. The total contribution pro-
duced by the eight diagrams included by this figure, with
either virtual KK quarks d
(k)
1,γ or d
(k)
2,γ , behaves as the
contribution from just four diagrams with one sole KK
quark d
(k)
γ , not associated to any θd(k)γ
mixing. Aiming
at grasping such an assertion, we first point out that,
according to the lagrangian term L
u
(0)
β
d
(k)
α W
(k)
µ
, Eq. (30),
KK couplings u
(0)
β d
(k)
1,αW
(k)
µ and u
(0)
β d
(k)
2,αW
(k)
µ differ from
their 4DSM counterparts u
(0)
β d
(0)
α W
(0)
µ only by global fac-
tors [109, 110], not present in zero-mode couplings and
which are sin θ
d
(k)
α
for u
(0)
β d
(k)
1,αW
(k)
µ and − cos θd(k)α for
u
(0)
β d
(k)
2,αW
(k)
µ . As a result, the sum of diagrams with
virtual KK quark fields d
(k)
1,γ involves the global factor
sin2 θ
d
(k)
γ
. Similarly, the sum of diagrams with loop KK
quarks d
(k)
2,γ has the global factor cos
2 θ
d
(k)
γ
. Such trigono-
metric factors incarnate the only θ
d
(k)
γ
dependence of
these contributions. The sum of all these diagrams can
be schematically expressed as
d (  )k1, + d(  )k2, =
(
sin2 θ
d
(k)
γ
+ cos2 θ
d
(k)
γ
)
d(  )k .
(38)
The first term of the left-hand side of Eq. (38), labeled
by d
(k)
1,γ , represents the sum of all those diagrams of
Fig. 2 in which the KK quarks circulating in loops
are d
(k)
1,γ . Likewise, the second term, with label d
(k)
2,γ ,
stands for the sum of all the diagrams of Fig. 2 with
virtual KK quark fields d
(k)
2,γ . Regarding the right-hand
side of Eq. (38), the factor labeled by d
(k)
γ symbolizes
the sum of the four diagrams shown in Fig. 2, but
with the Feynman rules for KK couplings u
(0)
β d
(k)
γ W
(k)
µ
taken without θ
d
(k)
γ
dependence, thus having the same
structure as the analogue 4DSM couplings. Moreover,
the trigonometric factor in the right-hand side of
Eq. (38) shows that any θ
d
(k)
γ
dependence emerged
from diagrams of Fig. 2 vanishes when considering
the total contribution. By the same token, the total
contribution from diagrams of Fig. 3 involving KK
pseudo-Goldstone bosons G
(k)±
W is θd(k)γ
independent.
By contrast, contributions from diagrams of Fig. 3 with
virtual KK physical scalars W (k)± do not combine in
this manner, so they do depend on the mixing angle θ
d
(k)
γ
.
By considering all the Feynman diagrams of Figs. 1-
3, with all the external particles on shell, and adding
them together, the total one-loop contribution iMβα =
i u¯(p2,mu(0)
β
) Γβαµ (q)u(p1,mu(0)α
) ǫµ(q, λ) is found, where
Γβαµ = F
βα
V γµ + F
βα
A γµγ5 +M
βασµνq
ν + Eβασµνq
νγ5
(39)
involves the magnetic form factor Mβα(q2 = 0) and the
electric form factor Eβα(q2 = 0) [117, 118]. Note that a
contributing Feynman diagram exists for every KK index
(k), and all such diagrams must be summed together:
iMαβ = SM +
∞∑
k=1
( )k
.
(40)
Thus the form factors defining Eq. (39) are given as sums
over the complete set of KK contributions. Keep in mind
that the cases α = β and α 6= β yield results which are
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qualitatively different of each other, so in practice they
are treated separately. For α = β, we have explicitly
verified that the electric form factor Eαα vanishes, which
indicates that the KK contributions preserve CP sym-
metry. Nevertheless, the form factors FααV and F
αα
A are
nonzero. If, on the other hand, β 6= α, we find that
F βαV = 0 and F
βα
A = 0, whereas a nonzero contribu-
tion Eβα arises. In the presence of Lorentz invariance6,
the standard parametrization of the V ff vertex, with
f a fermion and V either the photon or the Z boson,
reads [121, 122]
ΓV ffµ = −ie
{
γµ
[
V Vf −AVf γ5
]− σµνqν[i aVf
2mf
− d
V
f
e
γ5
]}
,
(41)
with q the outgoing momentum of the V -boson ex-
ternal line. Here, V Vf (q
2) and AVf (q
2) respectively
parametrize the vector and axial-vector currents. If the
vector boson V is assumed to be an on-shell photon,
the corresponding factors aγf (q
2 = 0) and dγf (q
2 = 0)
are the anomalous magnetic moment and the electric
dipole moment of f , respectively. In the case α = β,
Eq. (39) is straightforwardly written as Eq. (41),
from which contributions to AMMs are identified.
Recall that, in our case, the electric dipole moment,
known to be connected to CP violation, vanishes exactly.
In general, the implementation of the Passarino-
Veltman method in a given calculation reduces tensor
loop integrals into expressions given exclusively in
terms of scalar loop integrals [115], also referred to as
Passarino-Veltman scalar functions, or scalar functions
for short. Scalar functions are determined by quadratic
masses of dynamic variables involved in the calculation.
Using this method, we have written the KK form factors
Mβα and Eβα in terms of 2-point scalar functions,
Bj0, and 3-point scalar functions, C
j
0 . The explicit
expressions of such KK contributions are provided in
Appendixes A and B.
The magnetic and electric form factors are free
of ultraviolet divergences. To understand how these
divergences are eradicated, first let us generically denote
any form-factor contribution Mβα or Eβα by F βα. Any
such form factor is found to have the general structure
F βα =
∑
j χ
j
2B
j
0 +
∑
k χ
k
3C
k
0 + χ0, where χ
j
2, χ
k
3 , χ0
are functions of masses, while Bj0 are 2-point scalar
functions and Ck0 are 3-point scalar functions. We
remark that Bj0 functions are ultraviolet divergent,
whereas Ck0 functions are finite [123]. Using dimensional
regularization [81, 124], any 2-point function Bj0 is split
into a sum of a divergent term ∆div and a finite term
f jfin, that is, B
j
0 = ∆div + f
j
fin. The essential observation
6 As shown in Refs. [119, 120], nonconservation of Lorentz sym-
metry allows for a richer structure of this parametrization.
is that all the scalar functions Bj0 share the exact same
divergent term ∆div. So, if we consider any two 2-point
functions, say Bj0 and B
i
0, the difference B
j
0 −Bi0 cancels
the divergent terms, thus yielding an ultraviolet-finite
expression. We have verified that the whole dependence
of F βα on 2-point functions Bj0 can be written as a
sum of terms, all of them proportional to a difference
like Bj0 − Bi0. The form-factor contributions given in
Appendixes A and B show this explicitly. Thus we
conclude that the form factors Mβα and Eβα are finite.
Next we split the electromagnetic form factors as
F βα = F βαW + F
βα
Z,A,H , where the term F
βα
W denotes
the contributions from diagrams with virtual KK ex-
cited modes of the W boson, comprised by Figs. 2 and
3, whereas the total contribution from the whole set of
diagrams with virtual KK excited modes of the Z boson,
the photon, and the Higgs boson, all of them displayed in
Fig. 1, has been represented by F βαZ,A,H . The form-factor
contributions from W -boson KK excited modes are then
expressed as
MβαW =
∑
γ=d,s,b
∞∑
k=0
κβγ κ
∗
αγ M
(k)βα
W,γ , (42)
EβαW =
∑
γ=d,s,b
∞∑
k=0
κβγ κ
∗
αγ E
(k)βα
W,γ . (43)
In these equations, any form factor M
(k)βα
W,γ or E
(k)βα
W,γ ,
with γ and (k) fixed, represents a contribution from a
specific d-type quark flavor with a particular KK index
(k), with the case (k) = (0) included for α 6= β. Let us
write the KK contributions M
(k)βα
W,γ and E
(k)βα
W,γ as
M
(k)βα
W,γ = G
(k)βα
M,γ + P
(k)βα
M,γ + Sˆ
(k)βα
M,γ + S˜
(k)βα
M,γ , (44)
E
(k)βα
W,γ = G
(k)βα
E,γ + P
(k)βα
E,γ + Sˆ
(k)βα
E,γ + S˜
(k)βα
E,γ . (45)
In these equations, the terms G
(k)βα
M,γ and G
(k)βα
E,γ stand
for the form-factor contributions generated by the dia-
grams with virtual vector-fields W
(k)±
µ , shown in Fig. 2.
Contributions produced by Feynman diagrams with loop
KK pseudo-Goldstone bosons G
(k)±
W , included in Fig. 3,
are represented by the the terms P
(k)βα
M,γ and P
(k)βα
E,γ .
The contributions from diagrams with KK quarks d
(k)
1,γ
and physical scalars W (k)± circulating in loops, also
shown in Fig. 3, correspond to the terms Sˆ
(k)βα
M,γ and
Sˆ
(k)βα
E,γ . Finally, the terms S˜
(k)βα
M,γ and S˜
(k)βα
E,γ are the
contributions from diagrams with virtual KK quarks
d
(k)
2,γ and physical scalars W
(k)±, which are included in
Fig. 3 as well. No terms P
(0)βα
M,γ and P
(0)βα
E,γ exist, since
the 4DSM contributions have been calculated in the
unitary gauge. Moreover, the 4DSM has no analogues
for the scalars W (k)±, so neither terms Sˆ
(0)βα
M,γ , Sˆ
(0)βα
E,γ ,
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S˜
(0)βα
M,γ , or S˜
(0)βα
E,γ arise.
As it can be appreciated from Eqs. (42) and (43), the
total contribution to any form factor MβαW or E
βα
W in-
cludes a sum,
∑
γ , over quark flavors. Each term of this
sum incorporates a product κβγ κ
∗
αγ , of entries of the
Cabibbo-Kobayashi-Maskawamixing matrix κ. This ma-
trix is unitary, so the GIM mechanism [42] operates. In
this context, the quark-flavor sum must be consistently
implemented, since individual contributions, correspond-
ing to the different flavors γ, may display a nondecou-
pling behavior in the limit as R−1 → ∞, in which case
the GIM mechanism would render the total contribution
decoupling. Such an implementation is carried out by us-
ing unitarity of κ, for which the cases α = β and α 6= β
are treated separately, thus yielding the following expres-
sions:
1. Contributions to diagonal form factors (α = β),
with
MααW =
∞∑
k=0
[
M
(k)αα
W,d +
∑
γ=s,b
|καγ |2
(
M
(k)αα
W,γ −M (k)ααW,d
)]
.
(46)
2. Contributions to transition form factors (α 6= β),
with
MβαW =
∞∑
k=0
∑
γ=s,b
κβγκ
∗
αγ
(
M
(k)βα
W,γ −M (k)βαW,d
)
, (47)
EβαW =
∞∑
k=0
∑
γ=s,b
κβγκ
∗
αγ
(
E
(k)βα
W,γ − E(k)βαW,d
)
. (48)
We emphasize that, in these equations, quark-flavor
sums only run over two values: γ = s, b.
With the exact expressions of the form-factor con-
tributions at hand, we continue our discussion in the
context of a scenario characterized by a large com-
pactification scale R−1. Regarding the limits on the
compactification scale, most results have been reported
for the case of only one extra dimension. In the minimal
version of these models, supersymmetry-searches data
from the Large Hadron Collider were taken advantage of
to derive the lower bound 1.4TeV . R−1 [67]. A bound
1TeV . R−1, also obtained from Large-Hadron-Collider
data, was recently estimated by the authors of Ref. [68].
The lower limit 1.3TeV . R−1 was established in
Ref. [69] through the investigation of the contributions
from KK dark matter to relic density. Large-Hadron-
Collider data from searches of the 4DSM Higgs boson,
analyzed in Ref. [70], provided the less-stringent bound
0.5TeV . R−1. The decay process B¯ → Xsγ has also
been considered in order to bound the compactification
scale, resulting in the limit 0.6TeV . R−1 [71]. In
the context of a non-minimal model of universal extra
dimensions, enriched by the presence boundary localized
kinetic terms [72–74], the authors of Ref. [75] were able
to give a more stringent bound on the compactification
scale: 2.4TeV . R−1.
As illustrated by Eq. (40), a sum over the whole set
of KK indices is required in order to achieve the total
new-physics contribution, so form factors F βα can be ex-
pressed as F βα =
∑∞
k=0 F
(k)βα, where F (k)βα represents
the contribution from all the KK-mode fields with KK
index (k). Under the assumption of a large compactifi-
cation scale R−1, we express the contributions from KK
excited modes, that is with (k) 6= (0), to form factors
F βα as series with respect to the compactification radius
R. For fixed KK index (k), we find contributions with
the general structure
F (k)βα =
∑
j=1
ηβα2j (R/k)
2j. (49)
In this equation, the whole dependence on the KK index
(k) has been factorized, together with the compactifi-
cation radius, so factors ηβα2j depend only on zero-mode
masses. Therefore, KK sums
∑∞
k=1 are straightforwardly
turned into Riemann zeta functions ζ(2j). Since the
sum starts at j = 1, notice that R2 is the smallest
power of the compactification radius, which yields the
conclusion that, for fixed KK index (k), contributions
F (k)βα vanish as the compactification scale R−1 becomes
larger, decoupling in the limit as R−1 →∞.
A. Anomalous magnetic moments
The full set of Feynman diagrams shown in Figs. 1-3
produces contributions to AMMs of KK zero modes of
u-type quarks. The contributions from diagrams with
virtual KK modes of the W boson, the Z boson, the
photon, and the Higgs boson are respectively denoted by
aKKW,α, a
KK
Z,α, a
KK
A,α, and a
KK
h,α. Within the context of a large
compactification scale R−1, the following expressions for
leading KK excited-mode contributions are determined:
aKKW,α = −R2
πα
432s2W
m2
u
(0)
α
m2
W (0)
(
11m2W (0) −m2u(0)α
+4m2d(0) − 4ηαα
)
+O(R4), (50)
aKKZ,α = R
2 πα
15552s2W
m2
u
(0)
α
m2
W (0)
(
m2W (0)
(
53
c2W
− 8
−32s2W
)
+ 54m2
u
(0)
α
)
+O(R4), (51)
aKKA,α = R
2 πα
486
m2
u
(0)
α
+O(R4), (52)
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aKKh,α = −R2
5πα
864s2W
m4
u
(0)
α
m2
W (0)
+O(R4), (53)
for which the factor
ηβα =
∑
γ=s,b
κβγκ
∗
αγ
(
m2
d
(0)
γ
−m2d(0)
)
(54)
has been defined. The presence of the global factorm2
u
(0)
α
,
in Eqs. (50)-(53), implies that, by far, the largest u-type-
quark AMM generated by the KK modes is the one cor-
responding to the top quark. Moreover, Eqs. (50)-(53)
show that negative contributions to the top-quark AMM
arise from aKKW,α and a
KK
h,α, whereas a
KK
Z,α, and a
KK
A,α turn
out to be positive.
B. The decay process u
(0)
α → A
(0)
µ u
(0)
β
Recall Eqs. (44) and (45), which define the form-factor
contributions F
(k)βα
W,γ as sums of terms G
(k)βα
M,γ , P
(k)βα
M,γ ,
Sˆ
(k)βα
M,γ , S˜
(k)βα
M,γ , G
(k)βα
E,γ , P
(k)βα
E,γ , Sˆ
(k)βα
E,γ , and S˜
(k)βα
E,γ . Each
of such individual contributions has the large-R−1 de-
coupling structure already pointed out for F (k)βα, in
Eq. (49), so their smallest compactification-scale suppres-
sion is of order R2. A further suppression is introduced
by the GIM mechanism, which we implement to individ-
ual contributions in the same manner as that shown in
Eqs. (47) and (48). Regarding vector-field contributions
G
(k)βα
M,γ and G
(k)βα
E,γ , this mechanism eliminates all R
2-
order terms exactly, thus leaving dominant contributions
of order R4. Furthermore, the same GIM suppression
takes place in the case of pseudo-Goldstone boson contri-
butions P
(k)βα
M,γ and P
(k)βα
E,γ . Explicitly, the corresponding
contributions read
∑
γ=d,s,b
∞∑
k=1
κβγκ
∗
αγ
(
G
(k)βα
M,γ + P
(k)βα
M,γ
)
= R4
iπ7/2α3/2
s2W
26m
u
(0)
α
− 7m
u
(0)
β
129600
ηβα +O(R6),(55)
∑
γ=d,s,b
∞∑
k=1
κβγκ
∗
αγ
(
G
(k)βα
E,γ + P
(k)βα
E,γ
)
= R4
iπ7/2α3/2
s2W
26m
u
(0)
α
− 7m
u
(0)
β
129600
ηβα +O(R6),(56)
where the definition of ηβα, given Eq. (54), has been
utilized. About physical-scalar contributions Sˆ
(k)βα
M,γ ,
S˜
(k)βα
M,γ , Sˆ
(k)βα
E,γ , and S˜
(k)βα
E,γ , they get suppressed by the
GIM mechanism as well, but R2-order contributions re-
main, with the consequence that these are the most im-
portant KK excited-mode contributions. The following
expressions are found:
∑
γ=d,s,b
∞∑
k=1
κβγκ
∗
αγ
(
Sˆ
(k)βα
M,γ + S˜
(k)βα
M,γ
)
=
−R2
m2
W (0)
iπ3/2α3/2
s2W
5m
u
(0)
α
+ 3m
u
(0)
β
864
ηβα +O(R4),
(57)
∑
γ=d,s,b
∞∑
k=1
κβγκ
∗
αγ
(
Sˆ
(k)βα
E,γ + S˜
(k)βα
E,γ
)
=
−R2
m2
W (0)
iπ3/2α3/2
s2W
5m
u
(0)
α
− 3m
u
(0)
β
864
ηβα +O(R4).
(58)
Now we separate the form-factor contributions gener-
ated by the 4DSM from those produced by the whole set
of KK excited modes. We write the magnetic and electric
form-factor contributions as MβαW = M
(0)βα
W +M
KK,βα
W
and EβαW = E
(0)βα
W + E
KK,βα
W . In accordance with
Eqs. (47) and (48), contributions from the 4DSM have
been denoted asM
(0)βα
W =
∑
γ κβγκ
∗
αγ(M
(0)βα
W,γ −M (0)βαW,d )
and E
(0)βα
W =
∑
γ κβγκ
∗
αγ(M
(0)βα
W,γ − E(0)βαW,d ), with γ =
s, b. Moreover, KK excited-mode contributions are given
by MKK,βαW =
∑
γ
∑∞
k=1 κβγκ
∗
αγ(M
(k)βα
W,γ −M (k)βαW,d ) and
EKK,βαW =
∑
γ
∑∞
k=1 κβγκ
∗
αγ(E
(k)βα
W,γ − E(k)βαW,d ), where
again γ = s, b. Thus, the decay rate for u
(0)
α → A(0)µ u(0)β
is expressed as
Γ
u
(0)
α →A
(0)
µ u
(0)
β
=
(
∆m2
u
(0)
αβ
)3
8πm6
u
(0)
α
(
|M (0)βαW |2 + |E(0)βαW |2
+2Re
{
MKK,βαW M
(0)βα∗
W + E
KK,βα
W E
(0)βα∗
W
}
+|MKK,βαW |2 + |EKK,βαW |2
)
, (59)
where the difference ∆m2
u
(0)
αβ
= m2
u
(0)
α
−m2
u
(0)
β
, of squared
masses, has been defined. The first line of the right-hand
side of Eq. (59) determines the total contribution pro-
duced by zero modes, that is, by fields from the 4DSM.
The second line of this equation represents the interfer-
ence between the low-energy theory and the KK excited-
mode fields. Finally, the third line corresponds to effects
exclusively associated to KK excited modes.
IV. NUMERICAL ESTIMATIONS AND
DISCUSSION OF RESULTS
In this section, the analytical expressions previously
derived in the paper are implemented to estimate the
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extra-dimensional contributions to the AMM of the top
quark and to the zero-mode decay processes u
(0)
α →
A
(0)
µ u
(0)
β . Following the lower bound reported in Ref. [67],
we consider, for our discussion, values of the compactifi-
cation scale R−1 > 1.4TeV.
A. Anomalous magnetic moment of the top quark
First, we estimate the total contribution from the KK
theory to the AMM of the top quark. The physics of the
top quark is usually stressed; its strong connection to
electroweak symmetry breaking, evidenced by its large
mass, has fed the belief that TeV-scale new physics is
likely to manifest through the physics of this particle.
The 4DSM contribution, at the two-loop order, to the
AMM of the top quark was calculated and estimated in
Ref. [41], with the predicted value at = 2× 10−2. In the
same context, that paper also provided estimations of
order 10−2, at two different renormalization scales, for
the bottom-quark AMM. The AMMs of the electron and
the muon have been thoroughly investigated, from both
the experimental and the theoretical sides, reaching re-
sults with a remarkable level of precision [125–130]. The
top-quark AMM, on the other hand, lies beyond current
experimental sensitivity, but measurements of such a
quantity are getting closer, specially with the advent of
new-generation colliders and increasing data from the
Large Hadron Collider, which points towards an upcom-
ing era of precision measurements. Using measurements
of the branching ratio and CP asymmetry of B → Xsγ,
as well as data on tt¯γ production from the CDF Col-
laboration [131], the authors of Ref. [132] established
the constraint −3 < at < 0.45 on the top-quark AMM,
but pointed out and illustrated that tt¯γ production at
the Large Hadron Collider would improve constraints
on such a quantity. The importance of tt¯γ production
at hadron colliders to bound the top-quark AMM was
first stated in Ref. [133]. The same authors of Ref. [132]
determined, in Ref. [134], that the measurement of
σ(γe → tt¯) at the Large Hadron Electron Collider
may further improve sensitivity as |at| < 7.5 × 10−2.
As discussed in Refs. [135–137], more sensitivity im-
provements in searches of the top-quark AMM are
expected from future linear colliders and from physical
processes occurring at the Large Hadron Collider as well.
The variety of different contributions from the KK ex-
cited modes to the AMM of the top quark are displayed,
as functions of the compactification scale R−1, in Fig. 4,
within the energy range 1.4TeV < R−1 < 5TeV. The
upper graph of this figure shows curves for the AMM
contributions aKKW,t, a
KK
Z,t , a
KK
A,t , and a
KK
h,t . A curve for the
total contribution aKKt = a
KK
W,t + a
KK
Z,t + a
KK
A,t + a
KK
h,t has
been included as well. The sum of positive contributions
aKKZ,t + a
KK
A,t , produced by KK excited modes of the Z
boson and the photon, is attenuated by the negative con-
aW ,t
KK
aZ,t
KK
aA,t
KK
ah,t
KK
Total
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R
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-0.00004
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0.00002
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KK|
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KK + aA,t
KK|
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FIG. 4: Contributions from the KK theory to the top-quark AMM,
as functions of R−1. Upper graph: Individual contributions aKKW,t,
aKKZ,t , a
KK
A,t , a
KK
h,t , and total contribution. Lower graph: Absolute
values of aKKZ,t + a
KK
A,t , a
KK
h,t , a
KK
W,t + a
KK
Z,t + a
KK
A,t and a
KK
t = a
KK
W,t +
aKKZ,t +a
KK
A,t+a
KK
h,t . The two graphs have been plotted in GeV units.
tribution aKKW,t, associated to W -boson KK-excited-mode
fields. Therefore, aKKh,t , which is the largest individual
contribution, determines aKKt to be negative. This is
better illustrated by the lower graph of Fig. 4, where, for
comparison purposes, the absolute values |aKKZ,t + aKKA,t |,
|aKKh,t |, |aKKW,t + aKKZ,t + aKKA,t |, and the absolute value of the
total contribution, |aKKt |, have been plotted. Without
taking absolute values, Tab. I provides quantitative
instances of such contributions, each established by a
specific choice of the compactification scale R−1. The
R−1 aKKW,t + a
KK
Z,t + a
KK
A,t a
KK
h,t a
KK
t
1.4 TeV +7.8× 10−6 −4.1× 10−5 −3.3× 10−5
2.6 TeV +2.3× 10−6 −1.2× 10−5 −9.5× 10−6
3.8 TeV +1.1× 10−6 −5.5× 10−6 −4.5× 10−6
5.0 TeV +6.3× 10−7 −3.2× 10−6 −2.6× 10−6
TABLE I: Values of the contributions aKKW,t + a
KK
Z,t + a
KK
A,t (KK
excited modes of the W boson, the Z boson and the photon), aKKh
(KK excited modes of the Higgs boson), and aKKt (sum of the two
previous contributions) for various choices of the compactification
scale R−1.
vertical solid lines in the lower graph of Fig. 4 correspond
to the values of R−1 that have been placed in the entries
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of the first column of Tab. I, which means that points
where the curves and these vertical lines cross each other
correspond to values shown in other columns of this table.
With the inclusion of the 4DSM prediction for the
AMM of the top quark [41], the graphs of Fig. 5 are
meant to provide a quantitative idea of how the contribu-
tions from KK zero and excited modes compare to each
other. From here on, we denote the contribution from
at
SM
at
KK
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R
-1 (GeV)
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10
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10
-4
0.001
0.010
0.100
Log|at|
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SM+at
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FIG. 5: Prediction for the top-quark AMM from the whole set of
KK fields, both zero and excited modes. Upper graph: contribution
aSMt (horizontal line) versus a
KK
t (dashed curve). Lower graph:
Contribution aSMt (horizontal line) versus the total contribution
aSMt +a
KK
t (dashed curve). In both graphs, GeVs have been taken
as mass units.
the 4DSM as aSMt . The upper graph of Fig. 5 displays
plots for the absolute values of the contributions aSMt and
aKKt , which have been carried out in logarithmic scale.
According to such a graph, the impact of this extra-
dimensional physics on the AMM of the top quark is 3
to 4 orders of magnitude smaller than the numbers pro-
duced by the 4DSM, for a compactification scale within
the range 1.4TeV < R−1 < 5TeV. The lower graph of
Fig. 5 exhibits the low-energy AMM contribution aSMt ,
which corresponds to the horizontal line, together with
the total contribution aSMt + a
KK
t , from both KK zero
and excited modes, which has been represented by the
dashed curve.
B. Flavor-changing decays
In this subsection, we implement results from the
previous section to estimate the branching ratios for
the decay processes t(0) → A(0)µ c(0), t(0) → A(0)µ u(0),
and c(0) → A(0)µ u(0), within the framework of the
5-dimensional Standard Model and its KK effec-
tive Lagrangian. The one-loop contribution from
the 4DSM to the decay t(0) → A(0)µ c(0) was cal-
culated in Ref. [43], with the branching ratio
Br(t(0) → A(0)µ c(0))SM ∼ 10−12 − 10−11 reported
for a variety of values for the top-quark mass, not
yet measured at the time. By using the looptools
package [138, 139], we reproduced the results of
this reference, which, according to up-to-date data
reported by the Particle Data Group (2018) [102],
is given by Br(t(0) → A(0)µ c(0))SM ≈ 2.31 × 10−13.
Moreover, we have estimated the branching ra-
tios Br(t(0) → A(0)µ u(0))SM ≈ 1.73 × 10−15 and
Br(c(0) → A(0)µ u(0))SM ≈ 9.59× 10−15 as well.
For the moment, let us focus on the decay process
t(0) → A(0)µ c(0). A comparison among the contributions
from Eqs. (55)-(58) to the magnetic and electric form
factors M ctW and E
ct
W is presented in Fig. 6. All the
R {S+S
˜
}
I{S+S
˜
}
{G+P}
{G+}
2000 3	
 4000 5000
R
-1 (GeV)
10
-19
10
-15
10
-11
|F
W
ct |
FIG. 6: Real and imaginary parts of absolute values of contribu-
tions to form factors MctW and E
ct
W . Plots have been realized in
logarithmic scale and GeVs have been taken as mass units. These
contributions correspond to Eqs. (55)-(58). Compactification-scale
values within 1.4TeV < R−1 < 5TeV have been considered.
curves in this figure have been plotted in logarithmic
scale. The vertical axis corresponds to absolute values
of either the real or the imaginary parts of vector
and pseudo-Goldstone-boson contributions, Eqs. (55)
and (56), or contributions from KK physical scalars,
Eqs. (57) and (58), with all these quantities plotted
as functions of the compactification scale R−1, in GeV
units. Keeping in mind the case under consideration,
α = t and β = c, we point out the presence of the
factors 26mt(0) ± 7mc(0) and 5mt(0) ± 3mc(0) in the
leading contributions given in Eqs. (55)-(58), from
which we emphasize two aspects: (a) the only difference
19
among magnetic and electric moments is the sign of
charm-quark-mass terms in such factors; (b) these
factors imply that terms proportional to the top-quark
mass practically determine the contributions. Thus the
magnetic- and electric-moment contributions are very
similar to each other, and their plots look practically
the same. In this practical sense we have represented
both quantities by the very same curves in Fig. 6. These
plots show that the imaginary part of the total scalar
contribution, corresponding to Eqs. (57) and (58) and
represented by the long-dashed curve, introduces the
dominant effects, which are larger than the leading
contributions from KK vectors and pseudo-Goldstone
bosons (dotted curve), produced by Eqs. (55) and (56),
by about 3 orders of magnitude.
Regarding the decay t(0) → A(0)µ u(0), consider the con-
tributions toMutW and E
ut
W , plotted in Fig. 7. In this case,
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FIG. 7: Real and imaginary parts of absolute values of contribu-
tions to form factors MutW and E
ut
W . Plots have been realized in
logarithmic scale and GeVs have been taken as mass units. These
contributions correspond to Eqs. (55)-(58). Compactification-scale
values within 1.4TeV < R−1 < 5TeV have been considered.
the two lower curves, which are the short-dashed and
the dotted plots, represent the real and imaginary parts
of Eqs. (55) and (56), corresponding to contributions
from vector fields and pseudo-Goldstone bosons. On the
other hand, the solid and the long-dashed plots, which
are the upper curves in this figure, respectively represent
the real and imaginary parts of Eqs. (57) and (58),
that is, the contributions from physical-scalar diagrams.
Fig. 6 then shows that the contributions to electric and
magnetic form factors from physical scalars are larger
that those from the vector fields and pseudo-Goldstone
bosons by around 3 orders of magnitude.
About the charm-quark decay c(0) → A(0)µ u(0), it
is worth commenting that for R−1 . 9.4TeV the
leading vector-field and pseudo-Goldstone-boson con-
tributions do not come from R4-order terms, shown
explicitly in Eqs. (55) and (56). Terms of order R6
lead this sort of contributions instead for such a range
of compactification-scale values, which is displayed in
Fig. 8. In the case of this decay process, real and imagi-
G+P
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S
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FIG. 8: Real or imaginary parts of absolute values of con-
tributions to form factors MucW and E
uc
W . Plots have been
realized in logarithmic scale and GeVs have been taken as
mass units. Compactification-scale values within 1.4TeV <
R−1 < 15TeV have been considered. The vertical solid line
represents the value R−1 ∼ 9.4TeV.
nary parts of any contribution are very similar to each
other, so either real or imaginary parts of contributions
are represented by the same curves in Fig. 8, with both
types of quantities corresponding to the vertical axis.
Moreover, magnetic and electric form factors are quite
alike as well, so this figure also represents any of such
cases. The dotted curve, which represents the dominant
contributions, is produced by Feynman diagrams with
virtual physical scalars, and is produced by the R2-order
terms given in Eqs. (57) and (58). The solid plot depicts
either real or imaginary parts of contributions from
vector fields and pseudo-Goldstone bosons, taking terms
of orders R4 and R6 at once. The long-dashed and the
short-dashed curves correspond, respectively, to R4-
order and R6-order contributions. Then notice that
within R−1 . 9.4TeV terms of order R6 dominate,
but at R−1 ∼ 9.4TeV, indicated in the figure by
the vertical solid line, such contributions are reached
by R4-order contributions, which then become dominant.
In the next step, the branching ratios for the de-
cays u
(0)
α → A(0)µ u(0)β are estimated, for which we use
the decay-rate expression given in Eq. (59). Fig. 9 dis-
plays all the KK contributions, from both zero- and
excited-mode fields, to Br(t(0) → A(0)µ c(0)). The upper
graph, plotted in logarithmic scale, provides, within the
compactification-scale range 1.4TeV < R−1 < 5TeV,
our estimations of contributions from the sole 4DSM
(solid plot), from the interference of zero and excited
modes (dotted plot), and from KK excited-mode fields
only (dashed plot). The quantitative difference be-
tween contributions from the 4DSM and from extra-
dimensional physics amounts to about 3 to 4 orders of
magnitude. Interference effects, which produce a posi-
tive branching-ratio contribution, dominate over contri-
butions exclusively generated by KK excited modes. This
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FIG. 9: The branching ratio BR(t(0) → A
(0)
µ c
(0)). Upper
graph: Comparison among contributions from the KK theory,
in logarithmic scale. Lower graph: Total contribution VS the
contribution from the 4DSM.
was expected, since the interference term, corresponding
to the second line of Eq. (59), involves the lowest power
of the compactification radius R in the whole contribu-
tion, in this caseR2, which translates into less-suppressed
contributions than those given only by the set of KK
excited modes, where the lowest compactification-radius
suppression is R4. The lower graph of Fig. 9 displays
the 4DSM contribution, there represented by the solid
horizontal line, and the contribution generated by the
complete KK theory (dotted curve), which includes such
low-energy-physics effects and which shows decoupling
of new physics as R−1 → ∞. In relation with the lower
graph of Fig. 9, let us mention Ref. [44], where a cal-
culation of Br(t(0) → A(0)µ c(0)) has been reported. We
find agreement with the results from this reference. Re-
garding the two other decay processes, the corresponding
estimations are given in Figs. 10, for Br(t(0) → A(0)µ u(0)),
and 11, for Br(c(0) → A(0)µ u(0)). The descriptions corre-
sponding to the graphs of such figures are similar to that
of Fig 9.
V. CONCLUSIONS
The Standard Model defined on 5 spacetime dimen-
sions has been addressed in the present paper. The
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FIG. 10: The branching ratio BR(t(0) → A
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discussion performed in this work has included diverse
aspects of the model, among which we emphasize its
definition, its connection to the 4-dimensional Kaluza-
Klein description, the determination of its complete set
of physical Kaluza-Klein mass eigenfields, and gauge
fixing. The main ingredients constituting the model
are the same dynamic variables and symmetries as the
ordinary 4-dimensional Standard Model, but with both
elements defined on the extra-dimensional spacetime.
Under the assumption that the extra dimension is
orbifold compactified, a change of perspective, from 5 to
4 spacetime dimensions, was implemented on the model
through canonical maps that allow for the integration
of the extra-dimensional coordinates in the action and
thus yield the emergence of the 4-dimensional Kaluza-
Klein effective theory, whose dynamic variables are the
Kaluza-Klein modes, and which is manifestly governed
by 4-dimensional Poincare´ symmetry and by the gauge
group of the 4-dimensional Standard Model. The gauge,
scalar and fermion sectors of the Kaluza-Klein theory
were revised in some detail. In particular, the generation
of mass-term contributions by means of the Kaluza-
Klein and Englert-Higgs mechanisms were discussed.
Moreover, every transformation aimed at the definition
of mass eigenfields was established and implemented.
The emergence, in the Kaluza-Klein description, of two
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independent sets of gauge transformations, namely the
standard and the nonstandard gauge transformations,
made it possible to fix the gauge for Kaluza-Klein zero
and excited modes by means of procedures that are
independent of each other. A set of non-linear gauge-
fixing functions were given in order to remove invariance
with respect to the nonstandard gauge transformations,
whereas the unitary gauge was utilized to fix gauge
symmetry of the 4-dimensional Standard Model.
Phenomenological applications of the model have been
investigated, analyzed and discussed in the present pa-
per as well. Some extra attention was devoted to the
quark sector of the Kaluza-Klein theory, from which La-
grangian terms, ready for the calculation of Feynman
rules, were determined and explicitly shown, with the ob-
jective of calculating the whole set of Feynman diagrams
that produce one-loop contributions to the u-quark elec-
tromagnetic vertex A(0)u
(0)
α u
(0)
α and to the quark-flavor-
changing decay process u
(0)
α → A(0)µ u(0)β . From the gen-
eral parametrization of the electromagnetic vertex, new-
physics contributions from Kaluza-Klein modes to the
anomalous magnetic moments of u-type quarks and to
the decay rate for u
(0)
α → A(0)µ u(0)β were determined, first
by an exact calculation and then with the derivation
of leading contributions from approximate expressions,
valid in a scenario of large compactification scale, which
is supported by current lower bounds. The results so ob-
tained were implemented to particular cases of physical
interest. Concretely, the Kaluza-Klein contributions to
the anomalous magnetic moment of the top quark were
estimated and compared with the prediction given by the
4-dimensional Standard Model, which turned out to be
larger by 3 to 4 orders of magnitude for compactifica-
tion scales between 1.4TeV and 5TeV. The branching
ratios Br
(
u
(0)
α → A(0)µ u(0)β
)
, suppressed by the Glashow-
Iliopoulos-Maiani mechanism, were estimated. We deter-
mined that the extra-dimensional new-physics contribu-
tion to the branching ratio of t(0) → A(0)µ c(0) is smaller
than its 4-dimensional-Standard-Model counterpart by
about 3 to 4 orders of magnitude for 1.4TeV < R−1 <
5TeV.
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Appendix A: Explicit expressions of Kaluza-Klein
contributions to anomalous magnetic moments
Following the parametrization of the electromagnetic
vertex, displayed in Eq. (41), the total contribution
from the full set of KK excited modes to the AMM of
u-type zero-mode quarks, which we denote by aKKα , is
determined. In turn, aKKα can be expressed as a sum of
individual contributions, each corresponding to a kind
of Feynman diagrams among those shown in Figs. 1-3:
aKKα = a
KK
Z,α + a
KK
A,α + a
KK
h,α + a
KK
W,α, with a
KK
Z,α, a
KK
A,α, and
aKKh,α respectively generated by diagrams with virtual KK
excited-modes associated to the Z boson, the photon and
the Higgs boson, all of them shown in Fig. 1, whereas
aKKW represents the total contribution emerged from
diagrams with loop KK excited modes that are related
to the W boson, provided in Figs. 2-3. Taking a further
step, we write such contributing terms as the sum of all
the individual contributions produced by the KK excited
modes, namely aKKZ,α =
∑∞
k=1 a
(k)
Z,α, a
KK
A,α =
∑∞
k=1 a
(k)
A,α,
aKKh,α =
∑∞
k=1 a
(k)
h,α, and a
KK
W,α =
∑∞
k=1
∑
γ=d,s,b a
(k)
W,α,γ .
KK-mode neutral-field contributions a
(k)
Z,α, a
(k)
A,α, and
a
(k)
h,α come from diagrams with KK index (k) fixed.
Individual contributions aKKW,α,γ , from charged-boson
KK excitations, are produced by Feynman diagrams
characterized by a specific (k) and fixed d-type-quark
flavor, with entries of the Cabibbo-Kobayashi-Maskawa
matrix κ participating in the sum.
22
Now we present the exact expressions for the indi-
vidual AMM contributions from the KK excited modes,
written in terms of Passarino-Veltman scalar functions.
To this aim, the set of scalar functions involved in the
corresponding equations are shown next.
Z-boson-related contributions:
B10 = B0(0,m
2
u
(k)
α
,m2Z(k)), (A1)
B20 = B0(m
2
u
(0)
α
,m2
u
(k)
α
,m2Z(k)), (A2)
B30 = B0(0,m
2
u
(k)
α
,m2
u
(k)
α
), (A3)
C10 = C0(m
2
u
(0)
α
,m2
u
(0)
α
, 0,m2
u
(k)
α
,m2Z(k) ,m
2
u
(k)
α
). (A4)
Photon-related contributions:
B40 = B0(0,m
2
A(k) ,m
2
u
(k)
α
), (A5)
B50 = B0(m
2
u
(0)
α
,m2A(k) ,m
2
u
(k)
α
), (A6)
B60 = B0(0,m
2
u
(k)
α
,m2
u
(k)
α
), (A7)
C20 = C0(m
2
u
(0)
α
,m2
u
(0)
α
, 0,m2
u
(k)
α
,m2A(k) ,m
2
u
(k)
α
). (A8)
Higgs-boson-related contributions:
B70 = B0(0,m
2
h(k) ,m
2
u
(k)
α
), (A9)
B80 = B0(m
2
u
(0)
α
,m2h(k) ,m
2
u
(k)
α
), (A10)
B90 = B0(0,m
2
u
(k)
α
,m2
u
(k)
α
), (A11)
C30 = C0(m
2
u
(0)
α
,m2
u
(0)
α
, 0,m2
u
(k)
α
,m2h(k) ,m
2
u
(k)
α
).(A12)
W-boson-related contributions:
B100 = B0(0,m
2
d
(k)
γ
,m2
d
(k)
γ
), (A13)
B110 = B0(0,m
2
d
(k)
γ
,m2W (k)), (A14)
B120 = B0(0,m
2
W (k) ,m
2
W (k)), (A15)
B130 = B0(m
2
u
(0)
α
,m2
d
(k)
γ
,m2W (k)), (A16)
C40 = C0(m
2
u
(0)
α
,m2
u
(0)
α
, 0,m2
d
(k)
γ
,m2W (k) ,m
2
d
(k)
γ
),(A17)
C50 = C0(m
2
u
(0)
α
,m2
u
(0)
α
, 0,m2W (k) ,m
2
d
(k)
γ
,m2W (k)).
(A18)
Then the contributions from the KK excited modes read
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a
(k)
Z,α =
α
1728 πs2Wm
2
u
(0)
α
m2
W (0)
m2
Z(k)
{[
− 2(m
u
(k)
α
−mZ(k)
)(
m
u
(k)
α
+mZ(k)
)
×(9(− (m2(k) − 2m2u(k)α )(m2(k) +m2Z(0))− 2m2Z(k)(m2(k) −m2Z(0)) +m4Z(k))
+32m2Z(0)s
4
W
(
m2(k) +m
2
Z(0) + 2m
2
Z(k)
)
− 72m2Z(0)m2Z(k)s2W
)]
(B10 −B20)
+
[
9m4(k)
(
m2
u
(0)
α
− 3m2
u
(k)
α
+ 3m2Z(k)
)
+m2(k)
(
m2
u
(0)
α
(− 90m2
u
(k)
α
+m2Z(0)(9− 160s4W )
+90m2Z(k)
)
+ 3(m
u
(k)
α
−mZ(k))(mu(k)α +mZ(k))
(
18m2
u
(k)
α
+m2Z(0)(32s
4
W − 9)− 18m2Z(k)
))
−m2
u
(0)
α
(
90m2
u
(k)
α
m2Z(0) + 160m
4
Z(0)s
4
W + 2m
2
Z(0)m
2
Z(k)(4s
2
W (8s
2
W − 21)− 63) + 9m4Z(k)
)
+3(m
u
(k)
α
−mZ(k))(mu(k)α +mZ(k))
(
18m2
u
(k)
α
m2Z(0) + 32m
4
Z(0)s
4
W
+2m2Z(0)m
2
Z(k)(4s
2
W − 3)(8s2W − 3) + 9m4Z(k)
)]
(B20 −B30) +
[
9m4(k)
(
m4
u
(0)
α
+2m2
u
(0)
α
(
m2
u
(k)
α
+m2Z(k)
)− 3(m2
u
(k)
α
−m2Z(k)
)2)
+m2(k)
(
m4
u
(0)
α
(
54m2
u
(k)
α
+m2Z(0)(96s
4
W + 9)
−54m2Z(k)
)
+ 2m2
u
(0)
α
(
32m2Z(0)s
4
W
(
m2Z(k) − 3m2u(k)α
)
+ 9
(− 6m4
u
(k)
α
+m2
u
(k)
α
(
m2Z(0)
+8m2Z(k)
)
+m2Z(k)
(
m2Z(0) − 2m2Z(k)
)))
+ 3(m
u
(k)
α
−mZ(k))2(mu(k)α +mZ(k))
2
(
18m2
u
(k)
α
+m2Z(0)(32s
4
W − 9)− 18m2Z(k)
))
+mu0α4
(
54m2
u
(k)
α
m2Z(0) + 96m
4
Z(0)sW 4− 2m2Z(0)m2Z(k)
×(4s2W (8s2W + 3)− 63)− 9m4Z(k)
)− 2m2
u
(0)
α
(
54m4
u
(k)
α
m2Z(0) +m
2
u
(k)
α
(
96m4Z(0)s
4
W
+8m2Z(0)m
2
Z(k)(s
2
W (8s
2
W − 15)− 9) + 9m4Z(k)
)− 32m4Z(0)m2Z(k)sW 4 + 2m2Z(0)m4Z(k)
×(4s2W (8s2W − 3) + 45) + 9m6Z(k)
)
+ 3(m
u
(k)
α
−mZ(k))2(mu(k)α +mZ(k))
2
(
18m2
u
(k)
α
m2Z(0)
+32m4Z(0)sW 4 + 2m
2
Z(0)m
2
Z(k)(4s
2
W − 3)(8s2W − 3) + 9m4Z(k)
)]
C10 + 2m
2
u
(0)
α
(
9
(
m2(k)
−2m2
u
(k)
α
)(
m2(k) +m
2
Z(0)
)− 32m2Z(0)sW 4(m2(k) +m2Z(0) + 2m2Z(k))+ 18m2Z(k)(m(k)
−mZ(0))(m(k) +mZ(0)) + 72m2Z(0)m2Z(k)s2W − 9m4Z(k)
)}
, (A19)
a
(k)
A,α =
α
54πm2
u
(0)
α
{
− 6(mA(k) −mu(k)α )(mA(k) +mu(k)α )(B40 −B50)
+
(
9m2A(k) + 7m
2
u
(0)
α
− 9m2
u
(k)
α
)
(B50 −B60) +
[
− 9m4A(k) + 2m2A(k)
(
m2
u
(0)
α
+ 9m2
u
(k)
α
)
−m4
u
(0)
α
+ 10m2
u
(0)
α
m2
u
(k)
α
− 9m4
u
(k)
α
]
C20 + 6m
2
u
(0)
α
}
, (A20)
a
(k)
h,α =
−α
96πm2
W (0)
s2W
{
2
(
m2h(k) −m2u(k)α
)
(B70 −B80) + 3
(−m2h(k) +m2u(0)α
+m2
u
(k)
α
)
(B80 −B90) +
[
3m4h(k) − 6m2h(k)
(
m2
u
(0)
α
+m2
u
(k)
α
)− 5m4
u
(0)
α
+2m2
u
(0)
α
m2
u
(k)
α
+ 3m4
u
(k)
α
]
C30 − 2m2u(0)α
}
, (A21)
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a
(k)
W,α,γ =
α
192πm2
u
(0)
α
m2
W (0)
m2
W (k)
s2W
{[
m4W (k)
(− 3m2
d
(k)
γ
− 6m2(k) +m2u(0)α + 6m
2
W (0)
)
+m2W (k)
(
m2
d
(k)
γ
(
9m2(k) − 3m2W (0)
)−m2
u
(0)
α
(
7m2(k) + 11m
2
W (0)
))
+
(− 3m4
d
(k)
γ
+6m2
d
(k)
γ
m2
u
(0)
α
+m4
u
(0)
α
)(
m2(k) +m
2
W (0)
)
+ 3m6W (k)
]
(B100 −B110 ) +
[
m4W (k)
(
m2
d
(k)
γ
+ 2m2(k)
+m2
u
(0)
α
− 2m2W (0)
)
+m2W (k)
(
m2
d
(k)
γ
(
m2W (0) − 3m2(k)
)−m2
u
(0)
α
(
11m2(k) + 15m
2
W (0)
))
+
(
m4
d
(k)
γ
+ 10m2
d
(k)
γ
m2
u
(0)
α
+m4
u
(0)
α
)(
m2(k) +m
2
W (0)
)−m6W (k)](B110 −B120 )
+2
[
m4W (k)
(
5m2
d
(k)
γ
+ 2
(
5m2(k) +m
2
u
(0)
α
− 5m2W (0)
))
+m2W (k)
(
5m2W (0)
(
m2
d
(k)
γ
+ 3m2
u
(0)
α
)
−m2(k)
(
15m2
d
(k)
γ
+m2
u
(0)
α
))
+
(
5m4
d
(k)
γ
−m2
d
(k)
γ
m2
u
(0)
α
+ 2m4
u
(0)
α
)(
m2(k) +m
2
W (0)
)
−5m6W (k)
]
(B120 −B130 ) +
[
− 2m6W (k)
(
3m2
d
(k)
γ
+ 3m2(k) +m
2
u
(0)
α
− 3m2W (0)
)
+
(
m2
d
(k)
γ
−m2
u
(0)
α
)2(
3m2
d
(k)
γ
−m2
u
(0)
α
)(
m2(k) +m
2
W (0)
)
+m4W (k)
(
3m4
d
(k)
γ
+m2
d
(k)
γ
(
15m2(k)
−2m2
u
(0)
α
− 9m2W (0)
)−m2
u
(0)
α
(
m2(k) +m
2
u
(0)
α
+ 17m2W (0)
))
+ 4m2W (k)
(− 3m4
d
(k)
γ
m2(k)
+3m2
d
(k)
γ
m2
u
(0)
α
(
m2(k) +m
2
W (0)
)
+m4
u
(0)
α
(
3m2W (0) − 2m2(k)
))
+ 3m8W (k)
]
C40
+3
[
− 2m6W (k)
(
3m2
d
(k)
γ
+ 3m2(k) +m
2
u
(0)
α
− 3m2W (0)
)
+
(
m2
d
(k)
γ
−m2
u
(0)
α
)2(
3m2
d
(k)
γ
−m2
u
(0)
α
)(
m2(k) +m
2
W (0)
)
+m4W (k)
(
3m4
d
(k)
γ
+m2
d
(k)
γ
(
15m2(k) − 2m2u(0)α − 9m
2
W (0)
)
−m2
u
(0)
α
(
m2(k) +m
2
u
(0)
α
+ 17m2W (0)
))
+ 4m2W (k)
(− 3m4
d
(k)
γ
m2(k) + 3m
2
d
(k)
γ
m2
u
(0)
α
(
m2(k)
+m2W (0)
)
+m4
u
(0)
α
(
3m2W (0) − 2m2(k)
))
+ 3m8W (k)
]
C50 − 8m2u(0)α
((
m2
d
(k)
γ
+m2
u
(0)
α
)
×(m2(k) +m2W (0))+ 2m2W (k)(m2W (0) −m2(k))+m4W (k))}. (A22)
Appendix B: Explicit expressions of Kaluza-Klein
contributions to u
(0)
α → u
(0)
β A
(0)
µ
In the present appendix, we provide explicit ex-
pressions for the KK form-factor contributions G
(k)βα
M,γ ,
P
(k)βα
M,γ , Sˆ
(k)βα
M,γ , S˜
(k)βα
M,γ , G
(k)βα
E,γ , P
(k)βα
E,γ , Sˆ
(k)βα
E,γ , and
S˜
(k)βα
E,γ , which determine the form factors M
(k)βα
W,γ and
E
(k)βα
W,γ , as stated by Eqs. (44) and (45). The form-factor
contributions M
(k)βα
W,γ and E
(k)βα
W,γ are then KK summed
to define the magnetic and electric form factorsMβαW and
EβαW , in accordance with Eqs. (42) and (43). We define
ζαβ =
iα3/2
12
√
πm
u
(0)
α
m
u
(0)
β
(
m2
u
(0)
α
−m2
u
(0)
β
)2
sin2 θW
. (B1)
The set of Passarino-Veltman scalar functions involved
in this calculation are B110 and B
13
0 , defined in Eqs. (A14)
and (A16), and also
B140 = B0(m
2
u
(0)
β
,m2
d
(k)
γ
,m2W (k)), (B2)
C60 = C0
(
m2
u
(0)
α
,m2
u
(0)
β
, 0,m2
d
(k)
γ
,m2W (k) ,m
2
d
(k)
γ
)
, (B3)
C70 = C0
(
m2
u
(0)
α
,m2
u
(0)
β
, 0,m2W (k) ,m
2
d
(k)
γ
,m2W (k)
)
,(B4)
with the case (k) = (0) included. Then the Kaluza-Klein
excited-mode contributions are expressed explicitly as
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G
(k)βα
M,γ = ζαβ
[(
m2
d
(k)
γ
−m2W (k)
)(
m
u
(0)
α
−m
u
(0)
β
)2(
m
u
(0)
α
+m
u
(0)
β
)
(B110 −B130 )
+m
u
(0)
α
(
m
u
(0)
α
−m
u
(0)
β
)(
m2
d
(k)
γ
(
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